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Prdficn 


FOU YEARS EXPERIMENTAL PSyCI-IOLOGISTS HAVE WORKED DILIOENTLY IN 
academic laboratories studying lunn^s ca])aciiiGS to jjcrceivc, to work, 
and to learn. Only very slowly, however, have the facts and methods 
which they have assembled been put to use in everyday life, A par- 
ticularly glaring gap in modern leclinology, both industrial and mili- 
tary, is the lack of hiunau eugineeving— engineering (^f machines for 
lininan use and engineering of human tasks for operating inachincs. 
Alotion-and-tiine engineers have been at work for years on many of 
these jiroblems, but the experimental psycholi^gist is also nee<led for 
his fundamental knowledge of human capacities and his methods of 
inonsuring human performance. 

l/riic recent war ])ul tlio spotlight on tliis gap. The war needed, and 
produced, many complex inuchiues, and it taxed tlic resources of Jjtith 
the designer and operator in making them practical for human use. 
The war also brought together jisychologists, physiologists, physicists, 
design engineers, and motion -and-time engineers to solve some of these 
problems. Though much of their work began too late to do any real 
good, it has continued on a rather large scale into the peace. 

Today, there are many groups busy wiili research on man-macbine 
])roblems. They use different names to describe the work in its vari- 
oii.s aspects: biotechnology, biomechanics, psych oacoiistics, human en- 
gineering, applied psycliophysics, engineering psychology, and systems 
research. Other names might also be appropriate and may appear in 
tlie future. In casting about for a title for tliis book, wc tried to 
select one that would describe the subject matter without the re- 
strictive connotations attaching to some of the names mentioned 
above. Applied Experimental Psychologif seemed bc.st to fill these 
requirements, because the traditional data and subject matter of ex- 
perimental psycliology are fundamental to tliis field. Throiigliout the 
hook, wc have also used the terms engineering psychology and human 
engineering in talking about this subject matter. But whatever the 
name, the objective is the same — to develop, through funclamcntnl re- 
search and applied tests, a science that can deal adequately with the 
design and operation of machines for human use. 

V 
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Engineering psych ()1 0 ^ 43 % bt-ing i\ yniiiig ileld, has nn textiinoky. One 
cannot even compile a short l>il)]iogrH]>by tliat will give a reasoiuibly 
et)inplo((‘ view of the fiehl. In adtlitioii to our resenreh effort in this 
field, we are still in the stage of compiling infornuition and mednxU 
from all sorls of places: from textlmoks of experinuaital psychology, 
]))jysiology, pliysics, and iiiotio]i-ancl-tiinc enginecM’ing; from the jour- 
nals of these professions; and from many pn^vionsly classified reports 
which have not yet seen tlic light of day. As a eoiise((uence, we wiu) 
arc doing research in engineering psychology are luimpercd by a lack 
of wcll-coni])ilcH] reference material, and we have a hard time telling 
our potential customers, tlic design engineers, what we arc aljoui. 

We therefore jumped at an ijivitation to give a s('ries of lectures 
nn engineering psychology to the postgraduate engineering students at 
t])e Naval Postgraduate School, Annapolis. This series of lectures — 
delivered in the s))ring of 19J7 — let us tell a large gt‘oup of well- 
s(dccted engineering officers what engineering psychology is about. It 
also forced us to make the first attempt at digging out and coinpiling 
infonimtion for ourselves and our colleagues in the fi(‘Id. fi'heso lec- 
tures were subsecpienlly jwintod in a classified Naval r(‘port, and 
their fuvoral)lo reception among workers in the field encouraged ua to 
rewrite and expand them info this book. 

One of the favorable coinmeuts we licurd time and again about tho 
printed lectures was that they wore understandable. We won' a(ui- 
demies talking about technical psychological matters to an engineer- 
ing audience. For this reason, we had inade delibei'ale efiorts to use 
.small words instead of big ones; short direct sentences instead of long 
indirect ones; aiid colloquial exprcfisions instead (\f acaulemie and 
tocimical phrases. It was and is our conviction that the rigor of 
scientific writing need not be saerifiecd in writing to students. This 
book 1ms much the flavor of our lectures. V/v are not writing to you; 
we are talking to you. You will find, iiowever, that although wo may 
say things in nn ensy fashion the data and concepts we talk about live 
just as complicated and precise as in more academic textbooks. 

For us, then, this book is an adventure — an adventure inb) a new 
field of applied science and an adventure into a now style of textbook 
writing. 

We owe our thanks to several people ^Yho, in one way or another, 
have helped us .see this job to completion. Dr. Fillmore H. Sanford' 
edited and rewrote much of the original lectures beiovo they were given 
at Annapolis. Althougti he is not directly responsible foi* the ma- 
terial in this book, his influence can be scon in these pages. 
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Intrnihiction 


IN WRITING THIS BOOK, THE AUTHORS HAD THRliH!] OBJECTIVES IN MINP. 

The first is definition. What does Applied liJxpenntental Psj/chologjj 
mean? What subject matter does the title cover, and in what area is 
the subject matter most useful? This first chapter attempts to jjro- 
vidc a general definition of tlie field, even though we must recognise 
tliat a conij)lote definition is possible only after the entire book has 
been read or at least skimmed. 

Tlie second objective is to introduce the reader to tlic most impor- 
tant exi)eriinciital and statistical toehiik|ues in tlii.s field. Two chapters, 
therefore, are concerned solely with problems of methodology becaufjc 
there are some new tcclinkiues that arc helpful in Imndling expori- 
mental proldems in this field, and they arc not too well known. Fur- 
thermore, tlie statistical methodology used in an experiment is more 
than a tool; it is a way of thinking rigorously about (juantitative data. 
This “way of tliinking^’ is particularly imi)ortant for the scientist in 
this field. 

The third and most important objective is to provide an introduc- 
tion to the many facts that have been accumulated in tliis area during 
the past several years. The bulk of the book is, of course, devoted to 
tins objective. Some of the facts we discuss are specific in tlie sense 
that they can be applied only in restricted situations; others arc of a 
general nature and will be useful in many different situations. More 
time will be siieni on general facts because of their greater usefulness, 
but, when general facts are not available in discussing a particular 
problem, we shall offer specific facts. 

WHAT IS APPLIED EXPERIMENTAL l^SYCPIOLOGY? 

Perhaps a good way to begin a general definition of the field is to 
mention some of the many names that have heeii used to describe the 
.subject matter. The newness of the field has led to the use of many 
different terms, none of which seems to express all possible shades of 
meaning adequately. We have chosen to call it Applied Expeid/nendd 
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Psi/rliology for rrasons we shall explain below. Other tcrm« that have 
been usecl^ lunvever, are engineering p.syeliolopiy, Innnan on^ineevinj*, 
biomeclianics, psychological problems in (‘([uipinent design, the human 
factor in erpiijuncnt (h’sign, applied j>sychoi)hysic.S; and jisycholech- 
nology. Any of these ternis could, with various degrees of i)re(‘ision, 
he used to describe the sulijeel inaUer td’ (his hook. We shall fro- 
fluenlly use many of these terms interchangeahly, Particailarly, wo 
feel that the term engineering 'imichology is synonymous with apiilied 
experiinenlal psyciiology and shall freipieiitly use it as an c(|uivulent 
term, 

Psijchologg. These many terms in Ihemsclves give some idea of our 
interests and point of view. In the iirst place, this field is psjudio- 
h)gical — it is concerned with the behavior of human beings. It is con- 
cerned, however, witli only certain kinds i>f Ixdnivior — tlie heluivior of 
Iminaii beings while working with niaelnnes or instruments. We want 
to know about the abilities and capacitios of man lauuiusci we want to 
know how well he can work with diftVvent kinds of machines. 

Design of inslrnmejiis. But the applie<I <'xp('rimentnl j)sy(di()l()gist 
is also concerned with instruments and inuchiiu's with which Imnmn 
beings work. His interest here, however, is in those cliaracU'ristics of 
the uiaehiuc whicli determine luiw well a man eau use them. Is the 
machine designed in such a way that it can bo umxl most efficiently by 
an operator? Can a bettor machine be designed — better in tlm sense 
that it can be used more easily? These arc (iiiostions al)out the imi- 
chine, but they are questions wliieh have to do with the operation of 
tlie instrument or macliine by human beings. 

Man-niachine relations. Perhaps the best way of sitting the whole 
problem is in say that wo, as api>!ietl cxpeYime\\tal ]^sychologists, are 
interested in tlic interrelation between men and mnehines. Wo want 
to know the best way to design a machine so that a lumian being can 
use it. How should the dials be conatruelod and arranged? How 
should the controls be designed, so that the uonnal human being can 
use them easily and accurately? How should e([uipmcnts be arranged 
in a group? 

Our interest in the design of machines for human use runs tlic full 
gamut of macliine complexity—from the design of single instruments 
to the design of complete systems of machines which must i )0 oi^erated 
with some degree of coordination. In Chapter 5, for example, wc con- 
sider some of t!m facitws which dotermino how fast and accurately 
a single dial can be read. This is a relatively simple machine unit. 
But in Chapter 12, wc discuss principles of the arrangement of whole 
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Time-and-Motion Engineering 

units of equipments into a single integrated work area. Some of these 
systems — radar systems, for example — may involve groups of ten or 
more extremely complex nmehines with ten or more men worlciug to- 
gether as a team. 


AN HISTORICAL APPROACH 

No new branch of science suddenly springs from nowhere to become 
a full-fledged member of the scientific workh S^cience grows, and usu- 
ally its growth can bo traced. In the case of experimental psychology, 
or engineering psycliology, there arc three quite distinct linos of de- 
yel()l)incnt which liavc led to the present status of this scicncjc. One 
of these developments stems from the engineering sciences; the other 
two have theii* roots in the history of psychology. 

Time-and-Motion Enginisering 

One of the scientific dcvclo]>ments that has led to the growth of 
engineering psychology is time- and -motion sUuly. Time -and -motion 
study grow out of the engineering sciences, and the pcoiilc who started 
it wore engineers. There is a general distinction made behvoon time 
studies and motion studies, in theory at least, although in practice it 
is often clifliciilt to separate them. 

Time Uudy, The time relations of motions and sequences of mo- 
tion are the particular concern of time studies. The primary effort 
here has been to find out the l)(3st working rate in order to set the base 
rate on which pay should be scaled. Credit for the Ijeginning of time 
study usually goes to Frederick W. l^xylor, who made the first time 
studies in the machine simp about 1881. At present some industries 
use time study methods in determining wage rates. Unfortunately, 
people have often made the too ready assumption that the primary 
function of a time engineer is to get more work for less money out of 
the worker. That is not necessarily so. 

Motion study . development of motion study is usu- 

ally given to Frank B. Oilbreth, an engineer, and his psycliologist 
wife, Lillian M. Oilbreth. Motion study, unlike time study, is con- 
cerned primarily witli the manipulations or movements which a human 
operator must make in performing any job. It usually consists of an 
analysis of those movements in an attempt to get at the best way of 
doing a i)articu]ar job by studying the various possible ways it can 
be done. Several techniques have been developed from motion study, 
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some of wliieh linvo been very useful io us. Rut we shall see more of 
these techniques in Chapler 12. 

Job simplification. Fre(iuently, the tinic-aiul-motion on^ineer has 
been able to assume that the macliino is alrcarty limre and that his 
task is siiujdy to determine the individuahs l)csl. way of operating the 
machine. Somciimos this assumption of tin? prior existence and status 
of tlie machine has been necessary, and at other times it has been (ajii- 
yenient. Nevertheless, many sucli onginoors have realized that often 
the machine or the job uiTnngcment is ill designed for the eaj)a.bilities 
pf the human operator. Tlicy have frecpiently found it nec(\ssary to 
ciiange the nuicliiiic or the job, instead of trying to make the Imhavior 
of the worker conform lo characteristics that really do not mutch his 
capal)i]ities. When tlie 3 »^ make sucli changes, thc^^ luivc become inter-' 
csted in some of the same kinds of problems that we, as aj)idiod ex- 
perimental psychologists, are concernotl witiu 

Person E u Selection 

One root of ai)pHed cxporimental i)syclu)togy, then, goes ba(dv into 
fciinc-nnd-motion oiigineeriug. l^ersonnel selection, a second liistorical 
influence, comes frojn ])sycliology. 

Human HimilarUics and dijjerefwes. U could bo said Dial iLsycholo- 
gists, in terms of their interests, fall into two general groups. Some 
arc interested in human siinilaritios, wh(*reas oUuu’s are inlcr<'st(Kl 
mainly in hiniian differences, Those concerned with similari(.i(?s try 
to find out what the average person can see, feel, hear, or do under 
various circumstances. To such ps3mhologisU, the fact tliat all i^eoplc 
are not precisely alike is simply an inconvenience. Tho.se who woi’k 
with humun diflcrences, however, consider variabilily as the problem* 
These two emphases have led to two different devoloinnenis in ps 3 ^- 
chulogy. The emj)hasis on human diffcixmces has given us the field of 
personnel selection as \vc know it today. 

Intelligence selection. From its official birth until the turn of the 
century, psychology ^Yas primarily a science <»f individual similarities. 
Individual differences were not considered much of a problem until a 
psychologist named Caitell became interested in the ^Ya 3 ^ ]ieo]')lc differ 
in reaction time, in the ability to see, boar, smell, move, and *solvo 
problems. Work on human differences developed strongly during tho 
First World War when largo numhens of pcojde became available for 
testing, As a result of the work during the First World War, iniolli- 
gcncc testing became a firmly established technique. 
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Pcvelo'pment 0} tests. The science of individual differences got the 
impetus it needed during the First World War, and psychologists did 
a tremendous amount of work on problems of j^^ersonnel selection be- 
tween tlic two wars. Industry began to use tests more and more. 
Now tests were devised, trie{l out, revised, found gr)0(l, and put to use. 
Tlu 3 re were performance tests and papcj‘-and-pencil tests, ability te.sts 
and interest tests, long tests, short tests, big tests, and little tests. 
Almost any one of them, if properly used, could bo shown to have 
sonic useful selective function, 

Selection of operators. The development of selection techniques 
stressed another aspect of the general problem of human licings work- 
ing with machines. This branch of psychology developed because it 
was recognized that there is a best man for every kind of job, and 
that there is a best job for every kind of man. Some jieople can do 
some jobs hotter than others, and how well a man can do one job does 
not necessarily determine how well he can do another. 

Selection versus designed jobs. There is no denying the very groat 
significance of selection procedures. In studying and doing something 
about the human being in his working environment, personnel selec- 
tion has boon of outstanding importance. In Applied ExperimenUd 
Psychology t however, we are not priinarily interested in that aspect 
of Uic ])rol)loin. We arc not so much interested in selecting a particu- 
lar man fi)r the job as we arc in designing the job so that the average 
man can perform efficiently. 

Limits of selection. We have decided not to present any systematic 
treatment of selection Icclmiques, partly because this field is highly 
specialized and there are already many excellent books on that sub- 
ject. But there is another reason for our emphasis on the design of 
the machine rather than the selection of tlic man. Selection of per- 
sonnel cun be profitable only when there is a reasonable number of 
people to select from — people who have the right abilities and ca])a- 
bilities, Many modern maehine.s have become so complicated that no 
amount of seJeeXiou will make it ])ossiblc to get more out of the ma- 
chine. When machines become so complex that none or only a very 
few people can work with them satisfactorily, selection is of no help. 
It is necessary then to turn our attention to scanc of the basic ]')n)l)- 
Icms of human limitations and to study the machine in the light of 
these Jinutations. 
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ExPKUI M BNTA L Ps YCHOLOG Y 

The third dovelopineiii h'ading to apj>liorI cxpeniiu'id ill psyriiology 
is experiintMital psyeliolnny itself. Before we deseriho the inUa'ests 
and activities of the experimental jLsych()l{)[»;ist, it migiit hv> well to 
pornt out that there are various kinds of psyeliology. 

Noncxpeninental })sycholo{)iHt}i, Just us there are diffiM'oni kinds 
of engineers — electrical, civil, mechanical, ehcmical, and so forth — so 
psychologists are divided into various sjKuualizntions, Some psyeliolcH 
gists have a prinmiy interest in personality and ahnonual psychology. 
When they arc particularly interested in the treatment of al)n()rmal 
cases, they are called clinical psychologists. 

Another kind of psychologist we liavo already mentioned is llic per- 
sonnet psychologist, who is interested in the selection of ])ooi)le for 
varitfus jobs. Still anotiicr kind is interested in the social intoi’action 
of human beings, or the behavior of groups (d' Immans, These sociul 
psychologists work vvitli sueli thing.^5 as i)ublic-opinion polls, scales for 
measuring attitudes, propaganda devices, group morale, and racial 
prejudice. There are also those interested in educational problems, 
who are called educationnl ])syclu)logists. 

Experimental psycholo^psts, ^riiere arc many otluu’ kinds of psy- 
chological specialisls, hut our interest is in experimental psychology, 
which is the oldest form of psyeh()log5^ J^he usual date given for the 
hirth of experimental psychology (at least in the laboratory) is 1879 . 
This dajk^ like most such dates is not exact hut indicates the general 
whew expvvwwcwUl pviychology to bo n ftpooialkod 

In the ])ast the experimental psychologist lias been interested indmarily 
in the behavior of the normal man— man as a percoiver and a doer- 
in vision, hearing, tactual sensitivity, motor behavior, and learning. 
He has worked mostly in university laboratories, sine(* there were vwy 
few other places where he could apply his interests. With increased 
technical knowledge in other fields, however, and with increasingly 
technical machines, the interests of experimental jisychologists became 
of practical importance and were put to use. Knowledge about the 
average human being's capabilities is now being applied in the (l(>sign 
of instruments, and we, have called this apidicaiiou applied expevi^ 
inental psychology. 

Incident ally, it should be clear (.hat many diffc'rtuit types of psy- 
eliologists do experiments, Tlio name experimental started out to dis- 
tinguish psychologists who were interested in an experimental acieuoc 
from those who were philosopliically inclined. The name stiudv lo 
people interested in certain kinds of behavior, although since then 
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iiimiy other ])sycholo|>ists have beeonie experimental. But engineering^ 
l)syelioIngy .sterna most directly from experimental psychology, not 
from the other types. 

W Aimivi n Y) lev joLOPiM j5nts 

Althoiigli upjiiied ex])crimental psychology stnrtod at the turn of the 
century, scion ti fir studies in this field during the next 40 years ^vero 
rather lew in miinher. The big impetus came during World War 11 
when most psychologists were forced out of the acadeiuic lalioi’atory 
and began to do miudi more practical research. The demands inadc 
during this war were so great that they could not be ignored. It -was 
really during this time that experimental psychology merged V’il.h 
time-niul-motiim engineering to produce ^Yhat xvc have called u]>i>hetl 
exiierimontal iisychology. 

fl'umnn (imdnp'ous. This last \Yav gave new importance to nnmy 
things that were not important before. It imposed new demands on 
nmehines and on the men who operate these machines. New mnehincB 
were develo])e(l, and those new niachinos made life more complicated 
for the uain who luut to operate them. Somethmg had to he done to 
make man more cflicient— or, to change (jur perspective 180 degrees, 
to make the iiiac.hiues more efUcieut. Often the machine did not do, 
wluit was expected of it, only because of the limitations of the humans 
who upcratcfl it. 

We can mnka a machine tlmt will do ahnost anytJiing, given enough 
time and enough engineers. But man has limits to his developiuent, 
at least as far as we can sec it. iVhcii we tliink how much a single 
radar can do in a small fraction of a second, and then realize by com- 
parison that even the simjilost form of reaction for a human being 
requires about a fifth of a second, we realize what we are up against. 
Machines that demand superhuman performance will fail, and jobs 
that push man beyond the limits of his skill, speed, sensitivity, and 
endurance will not be dune. 

Physiological Imitations, The human limitations that we have rim 
up against ai’e of two kinds — physiological and psychological. We 
have clcvcl()j)ed modern aircraft so rapidly, for example, that we arc 
now worried about not only whether a man can fly it but also wlmtlier 
he can live in it. With the tremendous speeds now haing obiaiuetl in 
modern aij’cmft, the jntrely physiological limiiatians of the human 
organism become a cardinal consideration for designers and engiiioers 
— if they want the aircraft to be flown and returned. 
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Piiycholo(iic(il limitations. Bill wo nioro {'(inoonuMl with the 
psyrhoiof'ioul limitations, wliioli wo meet more fmpioutly. Our proh- 
loni is often : can ti man hour uml still work? Wo are m)W roa<‘li" 

ing the iJoint where, hooauso of human limitations, i)(^ttor and hotior 
ofjuipineiit does not n(‘('ossarily insure hotter and lietti'r perforinaneo. 

Even now it is surprising to renu'inhc'r lhat noi, mdii l was any- 
thing done about the design of an airplane from the jxhiit ol view ot 
the individual who has to fly it, even tlmugh eonsiderul)lo atUmliou 
was devoted to tho seleetion of the pihd.s. 'I’he reasons lor this are 
now easy to see. In the first ])laeo, the airidane of early days was 
fairly slow; it had only a few simple controls and instruments; and it 
did not fly very high. Second, there were only a few airphuK's hut 
many pilots to fly them. Selection procedures could thus work fairly 
well. 

But during succeeding years the need for greaUn* numi)ers of pilots 
arose. In order to get those pilots selection standards had to ho low- 
ered. Tn addition, the next few years produced revolutionary mnv 
aivevad, that (lew sa UigU am I s(\ fa^t aud v-ere so eompley. tluil uu\uy 
months of training were recpiired for an ordinary man to liNirn l,o fly 
tlicni, So not only were nK>re pilots needed, hut also the airplane had 
heouino more coiniflicated. Both these factors changed the emiduisis 
from selecti()n of tlio pilot to bettor ])sychotogical design of the air- 
pUmc. 

Electronic iminnnents. Aircraft wore not tho only machiuoa that 
began to tax human limitations. Tlie eleetronic e(]uipmcnt — I’adio 
communications systems, radar, sonar — which beeanic so common 
during the war impcjsed new problems for the human o])crator. Many 
of these instruments, in their entirety, were so complex that it was 
almost imp{)ssihlc to got tl)c most out of ilie machine, The full poten- 
tialities of radar, for cxamiflc, lagged far beliiud physical developments 
because human operators could not master the conpflex o])oration of 
iliis machine system. We had to worry about such things as a new 
^ind of ymat signal — ^very small and not very bright. Tn honar wo 
had to worry about the limits of hearing. Tlie communications equip- 
ment likewise had its own special in’ohlcnis. 

Historically, tlicn, much of exjicrimcntal psychology was first ap- 
plied during the war— because it had to he. Science luid gotten so far 
ahead in physical dcvolopmenis that something had to be done about 
tlic human beings, Physical developments had begun to reaeli their 
limits, because human beings could not operate the inacliines efliciently 
after they were built. The job of the experimental psycliologist was 



Fundamental Science 9 

io worry about designing tliese instruments so that hiuiiaii beings could 
operate them and get the most out of them. 

SCIENCE AND APPLIED EXPERIMENTAL PSYCHOLOGY 

In order tt) bring tliis subject into a little better perspective, it might 
be well to discuss for a moment the nature of science and its applica- 
tions. Science can be aj)])roachccl from a fundamental or an apjdiecl 
point of view, and in Applied Experimental Psychology wc are inter- 
ested in both points of view. We are interested IjoLli in t)ic a(ujui.siti()n 
of basic knowledge and in the application of that knowledge to engi- 
neering problems. 

l^'UNUAMENTAii Science 

Fundamental science is somcstinics called “inirc'* science, and its 
general purpose is to determine basic relationships among phenomena. 
SoicJi lists, for oxam])le, have been interested in discovering the basic 
relations among voltage, resistance, and current flow in electric cir- 
cuits; the rolationslups among atoms in varicjus sorts of chemical ele- 
ments; the effect of extreme variations in toinperature on human be- 
havior; and so 011. 

Controlled experiments. The emphasis of fundamental science is on 
discovery rather than on application. Fundamental scientists are re- 
search ])eoplG, wlio S])end their time accunuilntiiig information, usually 
by controlled cx))eriments, Ih^aditionally, the controlled experiment 
i.s arranged so that all factors arc held constant except the one being 
investigated. Tlicn that factor is systematical varied, and tiio result 
of that A^ariation on just one other factor is measured. AVJiat is varied 
is called the indei)endent variable, and what is measured is called the 
dependent viiriahlc. When t!\c experiment is done, we know the rela- 
tion betAveen two phenomena — ^the independent and dependent vari- 
ables. If WG like, that relationship can be stated in luaihematical 
terms, in a graph, or in a table. 

In practice, of course, exiAcrimcnts are not always that simple. 
Actually soiuctimcs, several things arc varied all at once, but, when 
Avc arc done, it is still necessary to know about, the relation bciAvoon 
just Iavo things at a time. The experimental techniques for getting 
informatioJA this way can get quite complicated; some of them arc dis- 
cussed in t/lia])ter 3 . 

Scientific laws. After the scientist has assem!:)led many specific re- 
lationships or facts, he attempts to catalog and sort them into mean- 
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ingfiil groups and then to deduce from ilic.so many observations and 
relations some scientific haws or generalizations wliiidi describe all Uic 
relationships. A famous example of tliis sort is Newtoids imiversal law 
of gravitation. 

OcnGralitij of scientific laws. An important thing lo remember 
about scientific laws is that they really arc gtaioral*. (,hey apply to any 
relevant situation. From basic scientific laws wo can make many 
predictions about specific things, Newton’s law, for exanij)le, ficcoimt.s 
for the rise and fall of tides, the behavior of falling Ixalies, and ilio 
motion of the planets. These laws are general, niul tliey do not change 
with time. 

We can summarize the approach of the fimdaiucnlal or i)ure scien« 
list, tlicn, as follows: (a) He makes many systematic ol)sorvations on 
whatever he is iniercstod in, (b) he colleots and niTangos his data, (c) 
he pores over these data with the idea of hitting upon id) some gen- 
eralization whicli, he at least hopes, will describe once and for all tlie 
gonoj’al ])hGii()mena he has been studying. 

Efjicwncy of general laws. In any new area of s(mmce, sucli as en- 
gineering psychology, we look for these g<meral ndations. We look 
for them because they are the most efiicdtmt way of summarizing our 
knowledge of the field. Also, when experiments are done in sucli a 
way ns to provide general laws, the acquiring of knowledge is more 
efficient. General laws ap\dy to many things. Rpiadfic. veUvliuus ap|>ly 
only to the circumstances under which the relations were ohlaiiu'd, 

Applied Science 

But the scientist’s job has not ended when the scicmtific laws are 
esiablislicd. Science becomes of practical value only wlien these fncits 
or principles are applied. There arc* in general, two kinds of applica- 
tions of fundamental science, 

Ajyplied research. In the first i)hicG, the techniques of science — the 
research methods — can bo used to find out specific information ahoiit 
specific things, if scientific laws do not |)redict what will Imppim in a 
particular instance. For example, we might want to determine which 
of two instruments is bettor in terms of an operator’s ability to use 
them. ^Ye do a hltlc experiment — called a teat- Hind use the tech- 
niques of science to answer our immediate (|uestinn. 

Desigfi, The second application of seieiu^o involves the use of basic 
knowledge in the design or evaluation of e(|uipments ami macluues or 
systems of equipment. For cxam]>lc, it um have the basic information 
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about tliG way liiiuuiii anus aud legs \V(>rk^ we can probably do a 
bettor jol) ot designing radar or aircraft controls. Basic information 
about visual acuitj^ can bo used in dc.signiiig new instrunieiit dials, 
'^riiis jHittiiig to use ol basic science provides many problems of its own, 

Api>JvICAtion{5 of Engi nickring Psychology 

In order to make this discussion more speed fic, wq shall point out 
several ways in whicli experimental psychology can be applied to engi- 
neering jiroblems. Some of those applications are essentially applied 
researcli; otliers involve engineering and development. 

L Appraisals, One very practical application is the testing of new 
equipment designs. A new design may be appraised liy either com- 
paring it to existing eciuiinnont or making a logical analysis of its char- 
acteristics. That is to say, we may he interested only in the relative 
value of the instrument, in which (’ase we sinqily make a test coiii- 
pai-iiig two or more insiruinenls. On the oMut hand, if we want some 
al)sohite appraisal, we can rate the instrument in terms of its con- 
formity to known prineijiles of design. 

() pinna t inotliods of work. Another application involves the de- 
termination of optimal inotliods of work witli equijmiont that is al- 
ready availal)lo, Tt is the classical time-and-motion approach. This 
kind of work is jiraetieal and iinniodiately applicable. Sometimes re- 
search is needed; at other times a time-and-niotion analysis may prove 
sufficient. 

3. Design of instrunieyits. This is a development-engineering prob- 
lem. After certain basic relations are determined, these principles are 
put to use in the design of new equipments. We liave already stressed 
the importance of tliis type of work. 

4 , Desigii of tasks. With this type of work we sliould be able to 
classify certain kinds of jobs and to establish certain principles for the 
classification of such jobs. In this way jobs can be made more elTi- 
cient. This application is different from that involving optimal 
methods of work in that lierc we are interested in the design of the 
job before the machines are decided on. The design of the job in- 
volves the design and arrangement of the equipment with which a naan 
works; we do not assume that the equipment is already there anti 
must he used as is. The ctiuipment is part of the total jol). 

6. Design, of systems. Last, but not least, we would like to deter- 
mine the overall design of systems of equipment and syntems of men 
operating the c(juipment. This is the problem of the coordination of 
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inivcluncR with othov macliinoR, or wen with uu'u, \vhc‘u 

liavo to work togottjor, Tt is not only tlio most diflioult iii)])li(*fition 

bxiti also, often, the most imi^ortnnt. 

ORGANIZATION OF THE BOOK 

Before we on to tlie main sections of Applied li}xpcn}uont(il 7\s\V" 
chologif, wo should like to say a word about tin* topical orr;Hnization. 
In the next two chapters wo take up spcadlic prohI(‘ius of iiieasutvinciit 
and experimental design. In the application of engineering ])syclioF 
ogy, it is often as necessary to know the teelmitpies as it is to know 
the facts. Jtemejnber that one of tlie chief a[)pIicntions of experi- 
mental psychology involves performing tests and appraising otiuip- 
ment. 'V\\q liUle statistics that we give here are useful in (,lui( ty]ic of 
problem. Kurtbennore, an understanding of the inelluxlology of j)sy- 
chi>logical research is necessary, l>ecnnse frequently it is impossii’^le U> 
inulerstund the conclusions of a j)articnhir research prohlem imlil we 
know how the research was done. Th(‘ geiiernliLy of the conclusions 
reached from research aiv often limbed by the methodology. The 
cliapters on statistics, tlu'ii, should give you a better appreciation of 
(lie later factual content. 

The next six chapters (4 through 9) deal with prohlems of sensa- 
tion and perception. You can think of these as the in[)Ut (o I he human 
operator. W<3 are eoncenicd witli such [iroblems as how a man sees 
and how he hears; bow to arrange dials, and liow to design commimi" 
cations equipment. In general, how does a worker get tiie informal, ion 
lie needs to do his work accurately and elTiciently? 

Then we have three chapters specifically on the probliaus of the out- 
put of a man. Wc arc conc.erucd hove with wliat ^Ye call a man's 
motor behavior and with tho design of the eijuijmient he manipulates 
and uses. Wo discuss such things as the construction of cranks and 
knobs and tlie ari'angeinent of tho work instruments. 

In Chapters 13 and 14 wc discuss some of the pr(}I)]Gms that arc not 
directly concerned with equipment design !)ut that nevertheless deter- 
niino the efficiency of the workingman. For examjilc, problems of 
fatigue arc discussed in Chapter 13 and problems of lient anil ventila- 
tion in Chapter 14. 
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A Lillie SUitistics 


THE PURPOSE OF THIS OIIAPTKR IS TO INTROntTCIO SOME EI.l^MFN'rAUV 
statistical concepts and formulas, It is ohvioiisl^^ irnpossibh! to do a 
very thorough job in a short cl i a pier, and at best Ibis can (mly scm’vc 
as an introduction to the hold. This cluij)tor has two objectives: (a) 
to ]>rovide n common basis for understanding some of the statistical 
terms that will keep cropping up in Iho research data llirouglioiil the 
rest of the book, and (h] to scu’ve as a background for some stat-ist/ical 
ideas that have siietmil importama: in the investigniion of mnn-maebine 
relationships. The latter Icelmitiues arc discussed ii\ t-huptev 3. 

Stati^iic^ and cpcr]/d<n/ life. T\\i\ man iu the street has very little 
use for statistics, or so he thinks, and if you to ask him about it 
he would probably tell you that statistics is some “higlifalutin” kind 
of mathematics that has very little to do with ov(My<lay life. lOven 
some roscarcli workers will tell you that they never need or use sta- 
tistics, Actually this is about as sensible as saying (Jiat we do not 
need numbers to get along in our present world. Anyone who owns 
insurance is subscribing to one of the most eomjdex statistical plans 
ever devised by man. rrcaluetion eliarts are statistical charts. The 
fact that men tend lu l>e taller and heavier l.han women is a statistical 
fact. lns]H^ction procedures in industry make use of statistieid sam- 
pling methods. Even our belief that the sun wdll rise tomorrow is 
an expression of our faith in statistical probahilitios. So, whether wo 
like it or not, statistics surround us constantly in our everyday life, 
We cannot get along without tliom, 'J"he iwoblom is one of deciding 
what kind of statistics we nec<l for our own particiihu' jobs. 

The mes of statistics. There are two principal uses of stalistics. 
The first is to sinmnariiic and describe largo masses of data. This 
kind of .statistical analysi.s is called descriptive statistics, 'Phe second 
is to intcrjiret and make forecasts about events tlnii/ hav{‘ not yet 
happened. This is sometimes called sam])liiig, inlerprolivo, or ])redio- 
tive statistics. Wo shall lU'esont examples of both ty]>es of stairislies. 
It is important to point ou(., luwever, that <lescvi]>tivt‘ stntislics are 
usually pretty straightforward. There is very little to argue alunit 

U 
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Disirihulions in Tabular a7ul Graphic Form 

in descriptive statistics since, after all, tliey merely dcsci’ibe and sum- 
marize a set of (lata. Most uf the hot statistical arguments are con- 
('eniGcl with sanij)ling or interpretive statistics, and it is in this branch 
of analysis that we find some really bad “boners.” 

DESCRIPTIVE STATISTICS 

The value of statistics in summarizing and describing sets of data 
can be domonstvatecl by ^Yo^king through the following examjde, A 
Cjuality control statistician was assigned to study a ])ro(hiction line 
manufacturing husliings. The specifications called for an outside 
diameter of 2.0000 inches with tolerancG.s of 0,0032 inch. In order 
to determine whether a [wocess is under control, the statistician needs 
actual measurements; counts of the number of items which pass a go- 
no-go gage do not yield enough information. An inspector was pro- 
vided to obtain these ineasurcnients, and he recorded the outside 
diameters of every tenth bushing that came along the production line. 
Two hundred such inGasuremcnts, made to the nearest 0.0001 inch, are 
shown in Tabic 1. You will i)robal)ly agree that it is pretty hard to 
make much sense of the data when they ai'c presented in thi.s way^ 
About all you can tell is that tlie buslungs varied from 1.9943 to 2.0050 
inches and (hat there were only five bushings wliicdi were exactly 2.0UOO 
in(5hes in size. 

Distributions in Tabular and Graphic Form 

Frequency dhtributions. The first thing a statistician usually docs 
with data like these is to arrange and groip) them numerically in a way 
which can be more easily understood. He constructs wlial is known 
as a frequency distribution (Table 2), Since individual measure- 
ments are usually not irniDortant by themselves, he makes the data 
more compact by squeezing them into classes. The seventh class 
from the top, for example, contains all measurements between 2.0023 
and 2.0027 inches, inclusive. Eight buslungs fall into this category. 
The next lo’wor class contains all measurements (11 in all) beWeen 
2.0018 and 2.0022 inches, inclusive. 

By grouping the data into a frequency distribution, we have bi>th 
gaiiKRl and lost something. Wc have lost the ability to identify indi- 
vidual measurements (for example, we can no longer tell from Table 2 
how big tlie 27th hushing was), but this kind of information is selcUan 
of nuicli value anyway. What a])pears to be a more serious 1(jss is 
that cannut identify the precise value of any individual measure- 
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rAULK L OuTSiDK DiAMMTKHM OK 200 BtJSlIlNGH MhAHUKMI) TO 'PIJIO NkAUIOHT 

o.nooi }n(?ii 


2.0039 

1,9950 

2.0020 

2.0001 

2.0005 

2.0l)M 

1.9990 

L0004 

1.9977 

2.0023 

1.99Hn 

2.0025 

2,0043 

2.0001 

1.9989 

2.00()() 

3.002S 

1 .9054 

1.9974 

1.9992 

1,9973 

1,9991 

2,0000 

2.0033 

2.0005 

1.999() 

1.9998 

2.0020 

2,0031 

2.0031 

2.0010 

1 . 9995 

1,0970 

2.0009 

1 .9991 

1.9999 

1 ,9979 

1 .9083 

1,9972 

1 .9998 

2.0003 

1.9908 

2.0013 

2.0007 

2.0041 

2. 0037 

2,0012 

1.9985 

2.0018 

1 .9987 

2.0021 

2.0008 

2.00M 

2.0000 

2.0010 

2.000(i 

2.0015 

1.0971 

2,0020 

2,0010 

1 .9970 

1 .99SH 

2.my2i 

1 .0090 

2.0039 

1.9978 

1 ,9975 

1.9988 

2.0008 

1,9980 

2.0000 

1 .998) 

2,0005 

1,9948 

2.0023 

1.99*13 

2.0022 

1,9985 

1 .9901 

2,0005 

1 . 9993 

1,9907 

2.0000 

2.0008 

1,9959 

2.0010 

1 .9958 

2.0050 

1 .9982 

1,9999 

1.9970 

1 .9990 

1.9997 

2,0009 

1.9979 

2,0005 

1 ,9991 

1 .9989 

2,0CH7 

\ ,9993 

2,0001 

1 .9997 

1 .9989 

2.0020 

i .9900 

2,0019 

2.00(0 

1 .9981 

2.0002 

2,0001 

1,9997 

1 .9903 

1 .9990 

2.0031 

1.9981 

1,9992 

K9997 

2.0000 

2.0003 

2,0027 

2.0035 

2.0002 

1,9909 

2,001() 

2.0022 

1.9998 

1 .9995 

1 .9997 

1.9978 

2.0007 

1 .9998 

2.0009 

2.0029 

1.9990 

2.0011 

2,0012 

1.998-1 

2.0033 

1 .9990 

2.0013 

2,0019 

1.9992 

2,0025 

2.0002 

1.9090 

1.0981 

1,9970 

2.0011 

2.0015 

2,0013 

2.0007 

1.9085 

1.9982 

1.9980 

2,0001 

2.0000 

1.9905 

1.0984 

2,0050 

2,0003 

2.0001 

2.0010 

1.9988 

2.0008 

1,9987 

1 ,9983 

2.0005 

2.0028 

1.9991 

1 ,9903 

2.0023 

2.000-1 

2.0001 

1.0989 

1.0983 

2.0015 

1.9080 

1 .0993 

2.0000 

1.0082 

1 .0975 

2.0010 

2.00U) 

2.0000 

i.omio 

2.0030 

1,0005 

1 .0987 

1 .9979 

1.0090 

1.9991 

2. 0010 

1.9994 

2.0017 

2.0003 

2.0018 

2.0012 

2.0016 

1 .9990 

1.0990 
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lAlUil'j 2, I’KHtiXIKNt'Y DiSTUIfUlTlON OF THIO OaTA IN TAHLIiJ i 


Clas.s limits, 
inclio.s 

Ael.iml 

Coded 

Fi'cciiu'iiry, 

numl)L*i8 

from to 

mid points 

iniilpoinls 

of Inisljirigs 

(0 

(2) 

(3) 

(0 

2. 005:}- 2, 0057 

2.0055 

22 

1 

2.0018 2.0052 

2.0050 

21 

2 

2.00i:V-2.0017 

2.0lMf> 

20 

2 

2.0088 2.0012 

2,0010 

19 

3 

2.0083-2.0087 

2.0035 

18 

5 

2,0028-2.0082 

2.0030 

17 

6 

2.0028-2.0027 

2.0025 

in 

8 

2.0018-2,0022 

2.0020 

15 

11 

2.0013-2 00i7 

2. 0015 

11 

14 

2.0008-2.0012 

2.0010 

13 

17 

2.0008-2.0007 

2.0005 

12 

20 

i .0008 -2.00172 

2.0000 

11 

22 

1.0008-1.0007 

1.9095 

to 

21 

1 ,00HH-1 .0002 

1 .0900 

9 

18 

1.0088-1.01)87 

1,0985 

8 

15 

1.0078 1.0082 

1 ,9980 

7 

12 

1,0078 1.0077 

1.9075 

6 

7 

(.0008 1.0072 

1.9070 

5 

0 

1.0003 1.0007 

1,0005 

<1 

4 

1.0058-1.0002 

1.9000 

3 

2 

1 .0058 \ .0057 

t .9055 

2 

2 

1,00*18-1.0052 

1.9950 

1 

1 

1,00-18- 1 .00-17 

1 .9945 

0 

1 


ment. We can no lon^x'r loll what the eight measurements were like 
in the sovontli class, I'lioy might all have boon 2.0023 inches, or 2.0024 
inelios, or there nhglit liavo boon one of 2.0023 inches, three of 2.0024 
inches, and four of 2,0027 inches. As we shall see later, however, this 
is not really so serious as it looks. 

In exchange for the loss of identity of individual measurements, we 
liavc gained quite a bit. The frequency distribution in Table 2 gives 
much more information than we could get from the unarranged 
(lata. We can see ut a glance that most of the bushings had outside 
diameters very eU^sc to the one called f(U’ in the spccirications. 
Twenty-two of tlu^ 200 bushings (11 percent) were within ±0.0002 
inch; 03 of Iho 200 busliings (31.5 j)crccni) Nverc within ±0.0007 inch; 
and 23 of the 200 (11.5 percent) fell outside the tolcnuiecs allowed. 
Our first statiHti('al Iransfonnation — the construction of a frequency 
dis(.i‘il>ulion~has h(»en a big help in enabling us to sac at a glance 
the general nature of our data. 
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A Tjittle Stniidioi 


The normal curve. Wc can slimv .soniptliins more about our rlata 
by plotting Uiom in wbat is callwl a /its (or/ rum (Figure 1). Now it 
becomes apparent that most ineasuremenls are grouiaal around a cen- 
tral value, lliat •■hey gradually tail off towards the ends in botli direc- 
tions from llic center, tind that they are synunetrically distributed. 
Many kinds of luologieul, psychological, and even pliy.sical meii.sure- 
tnenls follow this ]>at(.ern. The smooth bell-.sliaped curve drawn in 
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Figure i is the model for data of this kind. It, has been variinisly 
called the normal curve, normal 'prohahiUtij curve, normal curve 0 } 
emr, Gaimian curve, and many other names. Data fall into a normal 
curve when the thing,s being iiioasurcd arc caused l)y a large luniibcr 
of factors each of whieii o])oratos according to eluinec. Many of our 
statistical procedures — and quality control juucediires as well — I’osl 
on the assumption that the measurements concornctl are normally dis- 
tributed. 

Other noimial distributions. This notion of normal distributions is 
such an impovl.ani one that wc ougl\t to look at some other oxam])les. 
Shown in Figure 2 is a distribution of -128 errors in range obtained 
with a modern radar. Radar operatt)rs ranged on n scM’ies of iarg(ds 
whose distances Averc accurately known by independent measiireinent, 
A range error is the difference between the range vcportcMl by the radar 
operator and the true range of the target. Notice tlie charaeteristie 
symmetrical nature of the data. 
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Distributions in Tabular and Graphic Form 

Other distributions of this sort have l)een published by Pearson on 
(a) tensile-strength measurements of cement-mortar briquettes made 
of n particular brand of cement, (b) the life span of electric light bulbs 
operated at rated voltage, and (c) the ash content of samples of coal 
obtained over a 5 -year period. Of a somewhat different sort are some 
data rejiortcd by Campbell and Lovell ^ on 72 independent laboratory 
ratings of the octane number of the same fuel. When the 72 octane 



Pig. 2. Hislogram of 428 errors in range obtained with a uuKli'rn radar. Piu'h 
moasureineiit is the dilTeronee het\vof*n the range roj^orted by the radar operator 
and tlie Irue range of the target, 

ratings were plotted they also came very close to a normal distribu- 
tion, 

Measurements of human chavacteristics arc almost all normally dis- 
tributed. This is definitely true of most ]:>hysical measurements, such 
as height, weight, visual acuity, or strength of grip, and is probably true 
of complex psychological functions as well. Intelligence, reaction 
time, learning ability, mechanical ability, and many other human 
traits arc usually assumed to be normally distributed. 

Skewed dishibutions. Not all distributions turn out to be normal, 
as are those discussed so far. Another type of distribution the statis- 
tician finds fairly frequently is the skeived distribution. In a skewed 
distribution the measurements are grouped around a central value, and 
they decrease tiwards the ends in both divoctiims just as in a normal 
distribution. But the skewed distribution differs from a. normal one 
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TahlI') 3. Annual Sat^aiuioh of 132 Inthtii iktouh at^d IhiOFiiiBsoim at 


Class limits 

Univfhsitv X 

Arluai 

Coded 

J<’r(‘qu*'acy, 

from to 


luuliuaals 

/ 

(1) 

(^) 

6*1) 

(B 



14 

1 

!),omi ■ 

e.2r>i) 

13 

1 

8,500- 8,«!>i) 

8,7.00 

12 

J 

8,000- 8,1!)!) 

8,250 

11 

2 

7,5t)0- 7,'.UW 

7,750 

10 

2 

7,000- 7, )0‘) 

7,250 

9 

3 

6,500- 6, !)!)!) 

0,750 

8 

5 

0,000- O.-Mli) 

0,250 

7 

7 

5,500- 5,0!)!) 

5,750 

0 

8 

5,000- 5,-t«!> 

5.25U 

5 

12 

•i,f)()0- •!,!)!)!) 

4,750 

4 

25 

4,000- 4,4!)9 

4,2.50 

3 

31 

3,500- 3,090 

3,750 

2 

H) 

3,000- 3,400 

3,250 

1 

10 

2„500- 2.!)!)!) 

2,750 

0 

5 


ToIrI 

SjUary 

McfUaa Nalury 

132 

.$1,818.18 

.$■1,520.0(1 


ill this important respect: The meiusureiueuts are not syiumotricHlly 
(listribiiied. The salary data in Table 3 and Tigiirc 3 arc a ^ood 
illustrating Most professors earn salaries between $4^000 uml $4^499. 
The five lowest-paid insfcructoi’s earn salaries between $2,500 and 
$2/J99, But on tlio high side salariCvS go up nearly to $10,000, The 
difference between the salaries of the highost-]iai<l professor and tliC 
most typical professor is much greater than the difference between the 
lowest-paid instructor and tlio most typical jirofessor. Tlie distriini- 
tion, in sliort, tails o<T much move shnvly on the high sivle than it does 
on ilie low side. It is said to be positively skewed. If tlie distribu- 
tion stvotehed out longer toward the low values than toward the high 
ones, it would be negatively skewed. 

YmiaHoyi tho rule rather than the exception. Wo have provided 
tliese illustrations to show that variation in aluiost anything we meas- 
ure is the rule rather than the exception. "No matter how nmcli a pro- 
ducer may strive for uniformity, there will always he some HuctuatioviB 
in the quality of his j)roduct. It jnay not always lie apparent, liocausc 
most ins])ectioi\ procedures operate on a go-no-go principle. If none 
of a series of items is rejected, you might get the idea that the il{‘ms 



McduuiTN of Central Tendency gV 

live all Mia saino. 'I'liis is noi Irua. Tl moraly means Uial Lhe varia- 
tions ill the iirocluct are less than certain arbitrary tolerances. But 
the variations are Micro just the same. 

'I’lic fact of psychological variability provides the basis for most 
jisychologieal testing iirograiiis. Jf everyone could Icuru just as well 
as bis neighbor, or if everyone had the same amoiiut of natural me- 
chanical “sense” as his neighbor, there would he no point to giving 
jisychological losts. But hiniinu (liffereiice.s are so great that it k 



Fill, 8. HisloKniin of tho annual aiilarios uf 132 inslrurtors and profonsorg at 

University X. 

ofUni vory |)roriUblc to soled those individuals who have more of 
tlieso al)i lilies. Training time and no ei dent rates can often be de- 
creased and production increased markedly by selecting certain kinds 
of individuals for certain jobs, 

MnAsunicB of Ckntkal "J^kndency 

The arithmetic mean. One of the first and simplest kinds of statis- 
tics we (jan com]:nitc for a batch of data is a measure of cenli'al tend- 
ency. An average is such a measure. It is used so commonly that 
many i)e()plc hardly realise that this is the first stc]) in statistical 
analysis. An average is a single number near the center of a distribu- 
tion wliieli can he u.sed tu typify or represent tlio whole group of data. 
Tli(^ simplest Icind of average—and wliat most people mean when they 
say average — -is the arithmetic 7}iean, Its formula is 



(i) 




A hiiUe HtMUnlic^ 

A" roproscnts any one of our inoasuroinonls, ^ (f lu^ capihil (Irrek iod.oi* 
sigmn) nu'uns snin of,’’ and jV is Mu^ loiul lunulK't’ of ohsorvutions. 
To ealnilatc Mio iia'un of l-ho (lain in I'ahlo 1, wo add up all Uic hiKsh- 
iag iiH‘asnrcin(‘ni« ajid divi<lo l)y 200. d'lnis: 

• +- 1 .0000 

4(){).()l)78 

. = 2.00004 inehoH 

200 

The mean hu«liinK dinnioter, rounded off to tlio nearest ten-thousandth 
of an incli, is thus e(]ual to 2.0000 inches. This Itdls us that, ou the 
avemp^O) this production lino produced hushinji^s (hat \v<u‘o exaei.ly whnt- 
iJio speoifientions eallod for. 

»%ort-cid. calcuUxtion o/ (he nicua. The metlual we used to eulculule. 
the mean may become <]uite tedious when tlie mnnhin* of measure- 
ments is as lar^e as in this vase. When the data uve groviped in a I’ve.- 
((uency {listrilmiion it is possible to make use of a short cut wlncdi 
greatly simplifies the eom]nitation. Tins short-cut method makes one 
assum])tion, that all of the cases in a*iy class are located at the mid- 
])oint the class. There is, of course*, some lt)ss in accuracy in mak- 
ing this assumption, hut the loss is extremely small aiul, for most prac- 
tical ])urposos, insignificanL In Ibis exaiu])lo we use tlio sutne formula 
1 as before, excejit that we assume that eveiy ease in eaeli class falls 
at the midpoints given in cedumu 2 of Talilo 2. Tims: 

2.0055 4- 2.0050 + 2.0050 + 2.0045 + • • • T 1 .9045 

_ 

|(1)(2.0055) 4- (2)(2.0050) + (2)(2.00-!5) 1 
^ t + (3)(2.0040) 4-’-+ (i)(J.9045) 1 

200 

400.0100 

2.00005 

200 

The mean value obtained is almost exactly the same as the mean 
obtained by the more laborious Init exact method. 

Even with this method mv computations avo still todioug because 
the numbers arc so big. We can make tiiis calcidulion much simpler 
by coding the midpoints of the class intervals as was done in column 3 
of Tabic 2. Coding makes no additional assumptions and involves no 
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Measures of Central Tendency 

h)ss in acouracy. In this case, it involves subtracting 1.9945 from 
each mhlpchut and dividing the difference 0.0005. The coded mid- 
points are now nuich smaller numbers and easier to work witii. The 
only thing that needs to l)e remembered is that \vc must correct the 
final coded answer to got the true mean. To correct the coded mean 
value we jnust perform the opposite kinds of arithmetic operations in 
tlie reverse order; that is, we must first multijily the coded mean by 
0.0005 and then add 1.9945. We shall use the symbol M' to refer to 
tlie mean calculated with coded values and M to refer to the mean 
calculated with actual values. Our computation procedure is exactly 
as before. 

(1)(22) + (2)(21) + (2)(20) + (3)(L9) + ••• + (1)(1) + (0(0) 

M — 

200 

M' - ^ iQ 

M = [(0.0005) (iV')] + 1.9045 - f(0.0005)(l LIO)] + 1.9945 
= 0.00555 + 1 ,9945 - 2.00005 

This is exactly the same answer we get by doing the computations with 
the actual mid]')oints. 

The median. The mean is a ^''ery stable measure and so is usually 
the preferred measure of central tendency for most statistical compu- 
tations. In badly skewed distributions, however, the mean may not 
be represent aiWe, or typical, uf ibc data because it is weig\dei\ ter) 
heavily by extreme values. In such cases another measure of central 
tendency, the median, is frequently used instead. Thus, the mean 
salary in Table 3 turns out to be $4,818.18. You will i)roba])ly agree 
that this seems a little high for these data. The median i.s more 
appropriate because it is the point in a distribution which divides 
the values in half. Thus, the median salary is $4,520. Exactly half 
the ])rofessors earn more than this amount; half earn loss. 

Since, by definition, the median divides the distribution exactly in 
half, the median salary is that of the 66th highest-paid prafessov. 
Sixty-five i)i*ofossoi-s earn $4,499 or less, so that the median must be 
more than $4,500. Tu this case, it is computed by interpolation to be: 


med - $4,500 + -^d^OO) - $4,520 

This computation can be checked by working in the reverse direction- 
Forty-two professors earn $5,000 or more. The salary of the 66tb 
one, by interpolation, is -^cths of $500 less than that. Thus; 
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H 

mcd - S5,000 - ^ 

The median i^ho for the data of Table 2 is 2.0000 ineh<‘s, 

whieli is exactly the same as the menu value. Tt is cha^a(‘te^sii(^ of 
normally or nearly normally dislrilniied data tliat the iiKaiu and 
median are nearly idcntienl. 

A fueasure of skevmcsfi. The difl\'renee l)et\ve(m (ho nu'an and 
median of a set of scores fi>nns the basis for one measure of skewness 
of distributions. Tf the mean an<l median are v<ay inueli alike, the 
distribution is probably normal. If they are very nnieh different, (he 
vhunres are that the distvibution is skewed, Kinee we eamu^l eousider 
this j)r()l)lcni in greater detail here, the interested n’ader should eonsult 
the textbooks inentioiKal Inter for a inore complete diseussion of these 
lechiiic|ucs. For our puri)oscs, it is im|K)rtuid. only to note that when 
a median is reported in ex[)onineiitaI data the reason is probably Unit 
[.lie distribution is skewed. 

Measures of Dispersion 

After he has enlculaied an appropriate measun* of eenlral teiulency, 
tlic statistician usually wants to have some nnaisurc of dispersion 
to tell him how closely the data are grouped around the measure 
of central tendency. A mean or median is not euowglu heeanse it is 
possible to have two distributions with identical means but with widely 
dilTerent amounts of dispersion. The data in b(»tb distribulioiis in 
Figure 4 baA''e the same moans and medians and the same numbers of 
observations. Bui the data in the tall slender distrihiiiioii avv much 
more consistent— the industrial statistician won Id say Unit they indi- 
cate better control — than the data in the otlier tlislrihntion. 

Range. A simple measure of dispersion is the range of values en- 
coiiuterech that is, the difference hetweeu the highest uiul lowest values, 
In Table 1, for example, the bushing data varied from 1.99J3 to 2,0050 
indies — a range of 0.0113 inch. As a quickly computed simple meas- 
ure of dispersion the range is a fairly useful siaiisbic. It is not a par- 
ticularly stable one, however, because (a) it is rlependent on ojily ex- 
treme values which might easily vary considerably, and (b) it is hasetl 
on only two measures — ^it docs not take into account the othei* 198 
inoasuromonts in Table 1. If our extreme values had been 1.9950 and 
2.0050 inches — as they might easily have beou — the range wmild bo 
only 0*0100 inch. 
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Fia. 4, Two freriiioncy distributions witli identical in<niiis l)iit with <lifferoiit 

amounts of dispen'^ion. 


A'?'em(7e deviation, A coiiaiiionly aisofl measure of cUspevsiim which 
is more stable Uian the range is the avemge deviation. It tells us how 
much, on the a'sxragc, all our ineasureinonts deviate from the mean. 
Its equation is 


AD 


S I X - 
N 


( 2 ) 


The two vertical bars in this equation mean that we use the ahsolute 
deviation of eacdi iiioasuroinent from the mean without regard to its 
>sign. We are interested, in short, in how far off the individual meas- 
ures are from the mean, regardless of whether each measure is gveniev 
or loss than the moan. Tor the ungroiipod data in Table 1, the average 
deviation is found by subtracting each scoi’c from i!ie moan and eoni- 
])iiting the mean of the differences, algebraic signs |)cing ignored. Thus: 


m 
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AD = 


f| 2.0039 ~ 2.0000 | -|- 1 2.00 1 I - 2.01)00 | | 

I -1- ) 1.9980 - 2.(K)00 I -I + I 1.9990 - 2.0000 1 1 


200 

0,0039 + 0.0014 + 0,0020 H 1- O.OOO-I- 

200 


0.3150 

200 


= 0.00158 


For ilie p:roupiMl data in Table’ 2, tlie avora^o doviution, computed with 
midpoint values, is 


1 1 2.0055 - 2.0000.1 4- 2 ] 2.0050 - 2.0000 | 1 

-I- ^ I 2.00-15 - 2,0000 I -) I - 1 I 1.99)5 - 2.0000 1 1 

200 


0 . 31-10 

200 


0.00157 


Notice tliat we lust vivtimlly nothinp; in neeiiniey l>y iisiiiji; oiir sluirt- 
ciit cominitntitiii nielhotl. Usiiifj; (mhIihI midpoint vh1ii('.s also ^ivi's us 
identinnl results, provided we use tlie coded menu in our eoniputfttioiis 
nnd remeinijcr to correct for it later. 'l''lni.s: 


AD' = 


1 )22 - 11. 1 ) -I- 2 I 21 - H.l j I 

+ 2| 20 - 11.1 I -I- 3 I 19 - 1 l.L j -4- - • - I 
200 


030.2 


AD = ((}.(m5)(AD') = (0.000S)(3.I51) = 0.00158 

Standard devintum. By far the ino.st common and msefid measure 
of dispersion is the standard deviation, symholiTied hy the small ( Ireek 
letter a. {Although quality control and other statisticians fniquently 
refer to the standard deviation hy its (ireek nanu^, sigma, the reader 
will realize that this can very easily he <'onfuHe<I with the capital letter 
which means “the sum of.’*) Tlio standard deviation is a considorahly 
more stable measure than the average devialion ami has .some other 
valuable properties which wc will tliscover later. Its formula is 
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or 
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'2(X - Afy^ 


N 


To use it for the data of Table 1 we get 


(3) 


(2.003!) - 2.0000)2 + (2.001-1 - 2.0000)2 

H- (1.9080 - 2.0000)2 H h (l.OODO - 2.0000)^ 

200 

= 0.00202 



Short-cut computation oj the standard deviation. Formula 3 is very 
dilTicult to use because it involves 200 subtractions and 200 numbers 
to be scjuared. Statisticians more frequently use the following formula 
which, although it looks more formidable, is actuullj'^ much simpler: 


/AfSA'2 - (SA')2 

, = V — 

Formula 4 is exactly equivalent to formula 3, as any statistician would 
be { 2 ;lad to prove to you, Roth will give the same answer. Lot us look 
at what tlie various symbols mean, N is still the number of measures, 
that is, 200. is the sum of all the measures sciuared, that is, 

(2.0039)2 + (2.0014)2 (i^oQgO)^ 4 1- (1.9996)^, (^X)^ is the 

squared sum of all the values, that is, (2.0039 + 2.0014 + 14)980 
+ • • ' + 1.9990)2. formula 4 has eliminated 200 

separate (X" — M) subtractions and tliat the (SX”) quantity is already 
available from our compulation of the mean. As applied to Tabic 1, 


200(800.03201262) - (400,0078)2 

(T = ^ 0.00202 

^ 40,000 

Tliis same formula 4 works equally well witli data arranged in a fre> 
quency distrilnition. Using the coded midpoints in Table 2, SX^ ifi 
cqual'to (1)(22)2 + (2)(2i)2 + (2)(20)2 + (3)(19)2 +• • •+ {1)(0)2, or 
27,884. 3X^, we found, in onr computation of the moan using coded 

values, to l)e 2,220, As l)eforo, we nuust ho sure to correct our coded 
standard deviation by a factor of 0.0005, 44ius: 


^4 


200(27,881) - (2,220)^* 

^00 


4.026 


<r = (0.0005) {,r') = (0.0005) (4.026) = 0.00201 




SS A TJUh St(ilisti(\^ 

Even tliou{i;h we used midpoints instond of aeiunl values, tiie siamlarcl 
doviation is ])nietio?illy idcMitical to the value obiained by (linnet eoni- 
])uta(.ion. 

The vse of a Having ('umpuU'd a standard (U'- 

viiitioii, wo are now in a position to ask: What 5 i;ood is it? Oin' ol)viouH 
answer is t.inil it tolls us Innv \Yhloly dispersvil uur data are. 'The 
smaller the standard deviation, the more olosely ar(' Mu; (lain |i;i'oup(’(l 
around the mean value. In addition (o this, l)o\v(‘V(‘r, Mu' standard 
deviation gives tiie statistician sijtne fairly pnadse inloi’ination al>t)ui 
the way the data are dispersed in a normal distribution. Using special 
tables of the normal eur\M;, the statistician can ])redict that about OS. 8 
])orcciit of the data will fall l)et\v<‘cn the mean and on(‘ standard devia- 
tion above and below the mean. About 95.4 ]>er(U’nl of the data wdll 
fall between the inenn ami two standard d('viai.ions above and ludow 
it; while 3 almvc and below the mean include 1)0.7 peroei\t of tlic 
cases. 

Let U8 see Innv this works out in our bushing example. Witl) a mean 
of 2,0000 and a «r of 0.0020, we should cxi)eet to fiml about tiS p('rcent; 
or 136 bushingS; with outside diameters between 2.0020 -(2.0000 + 
0.0020)— and J.9080— (2.0000 ^ - 0.0020L^ -inches. By actual count, 
there are MI. vSiniilarly w'e should exi)eet to find uboiil 95 percemt, 
or 190 tmslnngS; with oulsiile diameters betwuam 2.0040 — 12.0000 |- 
(2 X 0.0020) 1— and 1. 9l)(>0—| 2.0000 - (2 X 0.0020) I -inches. ]^y 
actual count there are ISS. Fimilly, we should expect to fiml ulumt 
99.7 percent, or 199 bushings, with (uitside dinineters between 2.0000 
— [2.0000 + (3 X 0.0020)1— and 1.9940—12,0000 - (3 X 0,0020) J— 
inches. AcUially uH 200 cases fall within tliose limits. 

Tables of the normal cuirve are worked out so that the statisMeian 
can predict percentages other than lho.se given above. Tlio iniddh; 50 
l>crccnt of the cases in a normal distribution, for example, fall between 
the mean and plus ov minus G.(>745 <7’s. Thus wo can ox))oot 300 Imsl)- 
ings with diameters between 2.0013 and 1.99<S7. Actually there were 
104, Although these predictions arc not perfect, they arc very close 
and the standard deviation liel])s the statistician to “size up” the data 
in a normal distribution with reasonable accuracy. 

A Meastjhe of Kklationship 

CorrclaHon. So far we huve been discussing statistics for describing 
sots of measurements tliat vary along some single sealo; for (‘xnnij)le, 
length, error in yards, and height. Krecpieully; however, we are in- 
terested in describing the relationship between measurements on one 
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A Alrasure of Relationship 

kind of scale and those on some oilier kind of scale. Heiglii and 
woiglil are a good cxam]>lc. Just by Looking at ]ieoplG you can tell 
that there is a rclatioiisliii) between lieigbt and weight: As a gcnei’al 
rule, taller peo])lc weigh more than shorter people. But you can also 
tell that the relationship is not perfect. Rome ]K'rsons who arc 5 feet 
tall weigh more than otlnu’s who arc 6 feet tall How good is tlie re- 
lationslnp? That is what a correlation measures — the strength of the 
relationship between ineasuremonts of one kind with lliosc of another 
kind. 

An industrial example. Correlations have (heir place in industrial 
and engineering work too. In dealing with metal pi’o ducts, for ex- 
ample, specilicntions frequently state that the metal samples shall have 
a certain strength. But in order to tost the strength of the samples, 
many of them must he destroyed. The prof hirer will he ahead if he 
{‘an find some kind of test that (a) is related to strength and (6) does 
not destroy the sample. 

An industrial engineer faced with this ])rol)loni decided to investi- 
gate the rclatioirsliip hetween the temsile strength of aluminnin die 
castings and the hardness of the samples ns measured by KockwelTs 
E. His decision was made on the basis of a general observation that 
the h artier castings didn’t seem to break ns easily as the softer ones. 
Measurements on a sami:)lc of 20 castings are sliown in Table 4 and 

Table 4. The Hahdnkss ani> Tensile Strength of 20 AnUiMiNirM Die Castings 



ToDsilci strenglh, 


4\‘usilc strength, 

TTan Incss, 

pounds piT 

Hardness, 

])f)urul.s ])(}r 

ItockwoH’s 10 

S(|Uaro inch 

Rockwell's K 

Hcpiaro incli 

62 

31,300 

64 

24,950 

78 

30,250 

80 

33,150 

85 

32,200 

90 

31,000 

70 

28,750 

96 

39,100 

64 

27,550 

85 

3(j,35() 

53 

22,850 

57 

25,700 

70 

35,400 

45 

24,500 

78 

20,850 

61 

27,550 

40 

27,400 

69 

31,050 

43 

21,650 

72 

32,450 


Figure 5. It is easy to sec from Figure 5 that there is sonic relation- 
ship here. The five castings with hardness ratings of 80 or more liave 
tensile strengths of 32,200 pounds per square inch or greater; the six 
castings with Imrdno.ss ratings of 57 or less have tensile strengths of 
27,550 pounds per sqinire inch or less. But the relationship is not pov- 
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feet. Jt ia iinpossihlo lo driiw a single straight lino (Jircaigh all of the 
IMiinls. Hnw goml is tho rolaiionship? 

Colculalwt/ a rorrdaliofi roe/Jiriaft/, Tlio cooniricnl of oonvlatioii 
r is a aingio nimilKa’ Unit tolls us tho dogivo uf ooi’rolation betwcon sots 
ot paired incasiimnenLs, Its funnula is 


m ^ M ,)(y - M ,) 


rs ) 


In practice, the statistri(tian us('s anuthor formula whicdi looks a lot more 
complicated but is actually simpler to use. It us 


N^XY - 

V \ n % x ^ 


( 6 ) 


Fownula C is matheraaticuJIy identical to formula 5. {liiicc ivc have two 
sets of measiiroinoiits hero, w(s nro usinp; X to refer to one of them, tlio 
hiirdnoas ratings, and F to the other, tlie Uuisile strengtlis. 

The only ucw term whidi formula 6 introduces is 2.VF. In Tabic 4 
this is equal to (f)2 X 31,300) -|- (78 X 30,250) -[- • • • + (72 X 32,460), 
or 42,200,250. Inserting tlic proper numbers into formula 0 gives us 


r 


(20 X 42, 200,2 50) - (1,3 0( X 003,100) __ 

V(2(r^0,98<)) - (l,30r)V(20 X 18,0 10,8.1 0,()()0)“((i087j^^^^^^^^ 


24,505,900 

28,490,1^ 


+0.809 
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A Measure of Relatio7i^hip 

What does the correlation coefficient mean? Having comj’mted a 
coiTclation, wc are now in a position to ask: What does it mean? 
CrnTelation coefTicionts vary from +1.00 through 0 to —1.00. A 5 !ero 
correlation means that there is no relfitionship between the two sets 
of scores (see Figure G). The higher the coeflicient, the closer the ro- 
lationsliip. Tims, an r of 0.80 indicates a closer relationship than one 
of 0.40. But iho coefficients do not, 
unfortunately, tell you the amount 
of relationship directly. The co- 
efficients are not percentages, and 
an r of 0.80 is not twice as much as 
one of 0.40. The amcnint of rela- 
tion sliip between sets of data is in- 
dicated i)cttor by ?+ A correlation 
of 0.707 (r^ = 0,50) is thus twice 
as close as one of 0.50 (r- = 0.25) . 

Positive and negative coefficients 
of tlio same numerical value are 
equally good. An r of —0.80 indi- 
cates as much correlation as one of 
+ 0.80. The sign merely tells us 
the direction of the relationship. 

A positive correlation means that 
the scores in one variable increase 
as the scores in the other increase. 

Thus, as the hardness of the die 
ca.stiiigs increased, the tensile 
strength increased. But, if we had 
correlated the thickness of optical lenses against the amount of light 
transmitted, we would find a negative correlation. The thicker the 
lens, the less light g(4s through. You can get some idea about the 
closeness of an r from the samples in Figure 6, 

Correlation and caitsafion. Many people think that a high correla- 
tion between two variables means that one causes the other. This is 
not so at all. Just because there is a high correlation between the 
hardness and tensile strengths of the 20 die eastings, wc are not justi- 
fied in saying tliat \'ariations in hardness cause variations in tensile 
strength. Nor can we say that variations in tensile strength produce 
or cause variations in hardness. Variations in hardness and tensile 
strength may both be the result of other factors in the manufacturing 
process, for example, quencliing — the rate at which the castings arc 
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Pja. 6. This figure illustvjitos cor re- 
lation coefficients of various amounts. 
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cooled^ vari at 10118 in pressure a]>])lic(l i-o ihe mold, varijiliiuis in Uic 
coinjiosition of (he alloy, or variations in Lho meehunies of pouring;, 

Siinilaiiy, the fact that height is correhiled with weight auunig ]ioo- 
plo does not mean that one causes the other. Variations in bolrh lieight 
and weiglit are caused iiy variations in our geiuiic iidi(’riiiUic(‘, miiri*- 
tion, disease, and the like. A correlation, in short, nuM’cly Udls us that 
two scl^s of mensuremenis or scores tend to vary in unison. 'This <h)e8 
not mean that a correlation has no practical iini)ortHnce. We will 
show Avhiii we can do with one later. 

Summary 

Thus far wo have taken a quick look at three kinds of eloinoutary 
statistical concepts: ineasure.s of central tendency, ineasun's of A'ai'ia- 
bility, and corrolaiitm. In one example, wo started with a heterogene- 
ous collection of 200 data am I saw how ilic statistician can take data 
of this sort, arrange them, compress tlioin, and calculate a few simi)le 
statistics to represent (he whole liatoli. Tf you liave folluwe(l (liis (h^- 
velopment, it should lie clear tlmi (»nly three simple items of informa- 
tion arc necessary to descrilio llie large sot of mea.suremenis we Imd. 
These are: (1 ) TJic data are normally {lis(ril)uied, (2) the mean is 
equal to 2,0000 inches, and (3) the standard deviation is e<|iial to 
0,0020 inch. Knowing those three simple things, tlie slatislhuan can 
l)rodiot with surprising accuracy the original form of the duia. 

In the correlation example, we saw that one simjile numl)cr-"41io 
correlation coefficient — can give the statistician a pretty good idi'u 
about the amount of relationship between two sets of .scor(*s. 

This discussion by no means exhausts tiic gamut of tleserij)l,i^a' .sta- 
tistics available to the statistician. There are many more for {k»s(*ril)- 
ing normally distributed data and still others for data that tio jujI- fall 
into this pattern, that is, that are skewed in one way or anotluu’. Ihit 
perhaps this will servo to emphasize (he importance of statis(-ics in 
handling and working with experimental data. 

STATISTICAT. INFER RNGE 

For all their importance in describing data, statistics serve a much 
more useful function in enabling us to make predictions about data 
we have not collected. It is this aspect of statistics that the experi- 
menter and quality control statistician arc pihnarily initU'esteil in. 
Not only are they inlorostcd in tlio measurements of 200 bushings 
taken from the producti(m lino, but IJicy would also like to he able 
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to predict wlmt the measureiuents would be like if they sampled a lot 
more under the same conditions. 

Po pula ti 071 and sample, H'liis problem of prediction may be rc- 
phj'ascd in a. slightly different way. Given a sample of data, can wc 
predict the characteristics of the population, or universe, from winch 
this sample was taken? Tn this sense, a pc)])iilation refers to a large 
collection of measiircinenls all having a eonnnon elniracter, or charac- 
teristic. A i)(>puIation is a logical class of units having sometliing in 
common. It nuiy he the heights of all iimles in the ITnit.od States, all 
errors iu vaug.e obUiiued with a pavllculav ra(.lav, or, in caw example, 
the outside diameters of all bushings coming from a [)rocliiction line. 
Rarely, liowever, can we over measure all the units in a population. 
Wc liavc to take samples from these i>opidations and use these samples 
to predict the characteristics of the population. 

Fortunately for us, mailicniaticians have demonstrated that wc can 
make fairly accurate predictions ahont a impulation if wc have a 
random sample of <lata from it. d'aking a random sample of males 
in tlic United Stales, medical si.atisticians cuu jirodict with fairly good 
results how the heights of all men in the United Stales aro distributed. 
Given a random sample of bushings, the industrial statistician can 
))rediet with snrimsing accuracy what tlic whole hafeh will he like: 
what the average outside (liamctor will be, how many will pass inspec- 
tion tolerances, and so on. 

Staiidard error of the mean. Suppose that wc have a normally dis- 
tributed population of measurements and that we draw repoaied ran- 
dom samples of size iV from this population. Because of minor ran- 
dom fluctuations from sample to sample wc could hardly expect tlic 
means of our successive samples to agree exactly. If we took enough 
samples, however, wo would find that the means of the samples formed 
a normal distribution with a moan and standard deviation all their 
own. The standard deviation of this distribution of sainidc means is 
called the standard error of a mean and is equal to 

SE,j ^ ^ ( 7 ) 

VN 

where is the standard do^nation of measures in the population and 
N is the number of measures in the sample. 

]U)pula(ion variability. Tlie formula for the standarfl error of a 
mean eonlainy a lei'in that wc caniuA meaHurc diTucUy, iiameiy, 
Fortunately, the calculus of probability has shown that this value can 
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he CHtimatol with considerable uecunicy from the siundunl (U^viiition 
of a smnpjc drawn from the |) 0 |)ulnii<nK If trs the staiuhird di'via- 
tion of the sample, then, 


O'pop 



( 8 ) 


When t.lu> nuiiibor of cases in our sample is very large, the terra jf~~i 

is very close to I.O ami may l )0 ignored. Wil.h a large minibor of caso.s, 
for example, over 100, the population variability on the average can 
be estimated directly from the .sample variability. For our example, 
therefore, 


SK 


Af 


().(X)2()2 

V'M) 


= 0.000 bW 


The xt^e of the standard error oj a mean. Now l(‘t us see lu)W we 
cmi use the standard error. Since it Is really a standard deviation W(^ 
can use it exactly as we use n standard deviation. Oiir host estimate 
of the mean of Uie population ift 2,0000 inches. In short, the mean of 
one sample is our best prctliotion of the niemis of future saniplcK and 
of the mean of the population. But wc should i)rohal>ly l>e very nimdi 
surprised if the moan of another 200 mensurements came out to be 
exactly 2.0000 inches. The data exhibit s(j much variability and so 
many random lluetuations that future sHJuplos of such data could 
hardly be expected to give the same results. The problem i'hen I)e- 
comes: How far off can we expect the mean of another sample to he 
from this one? Or: Within what limits can we reasonably ex|>eet the 
mean of the new data to oco\ir? 

If wo were to take a large number of sols of 200 bushings under the 
same conditions wc used originally, we would ox]>ecl 08.3 porecuit of 
the means of these future samjdes to fall between the moan and jdus*- 
or-minus 1 SE, tliat is, between 1.99986 and 2.00014 inches. About 95 
percent of the means would fall between 1.99972 and 2.00028 inches 
and virtually all of them (99.7 ])ercent) between J. 99958 and 2.00042 
inches. 

This information can be translated into probabilities. The chances 
avc a little bettor than 2 in 3 (08 in 100) Uml the moan of anothoj* set 
of 200 data will be between 1.99986 and 2.00014 inches. The chances 
are about 19 in 20 195 in 100) that Ibc mean of another sot will ])c 
between 1.99972 and 2.00028 inches, and wc can bo almost certain 
(chances arc 997 in 1,000) that the mean will lie between 1.99958 and 
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2.00042 inches. These are also our best predictions of the mean of 
the population. If the mean of our sample is 2.0000 indies and the 
standard error 0.00014, we can be practically certain that tlie mean of 
the jiopuhition is between 1.99958 ami 2.00042 inches. The chances 
are 50-50 that the mean of the pojmlation i.s between 1.99091 and 
2.00009 inches (2.0000 i 0.(3745 X 0.000143. 

The difference bettveen two means. This type of technique provides 
us with a method for evaluating the significance of the differoiioc lie- 
twoen two means. If a sample of 200 measurements from another 
production line gave us a mean of 2.0005 inches and a standard de- 
viation of 0.0019 inch, wc might cpiestiori wliethcr the two samples 
were really drawn from the same population. Could we, by chance, 
get two samples with means as witlely different as 2.0005 and 2.0000? 
This question can be answered by this formula: 


where 


se,m - 


m 

(!()) 


'flm standard error of the mean of our first sample is 0.000143 inch; 
of our second sample, 

tr ,. = 0.000134 inch 

V200 


The standard error of the difference is 

= V (0.000143)^ + (0.000134)* = 0.000196 


and 

Ml - M 2 0.0005 
I ^ Z r:= = 25 

SSam 0.0001 90 


Tliis ratio can then be evaluated by recourse to prohalnlity tables, and 
wc discover tliat tlio chances arc less tlian 1 in 100 that we could have 
obtained a difference as large as this by clmnoo. In this situation, the 
industrial statistician would bo justified in looking for some source oi 
variation in the manufacturing ] wo cess which made the sample of the 
second ])rod\iction lino significantly different from that of the first. 

The role of the experimenter in statisiics. This solution brings ii|) a 
very important problem in statistical analysis. Tlie statistician's 
answers always come out in terms of probabilities. He can do no 
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bottcr. Tl is iij) (o the oxporrnUMitcT or oni’inctT to decide wlioUior this 
is satisfactory, ]f we* wore ox])mmontin^ with tlio toh'rablo dose of a 
drug, we might not ho sntisllod unless the risk of a fatality <lt‘(M'oaso(l 
to 1 in 1,000. If, oil tljo otiior hand, wo nr(5 (Mnu^ornod with tho prolia- 
bility of getting defoolivc pit^oes in a lot of innnufaotiirod iUaiis, wo 
might be satisfied witli niueli tower proljuhililios, for ('xaiiiph', 1 in 10. 
With tolerances such as these, we would expect (o find, on tluj av('rage, 
only 1 lot iu every 10 which failed to meet specifications, d'lui point 
is that these risks are things wliieli ilie oxperinionlor or consumer, not 
the statistician, must sot. For most oxpcrinienfiii work, however, it 
seems to be gencrnlly agreed that dilTevenc.es are siguificaut if they 
could occur hy (dumcc less than 5 percent of the time (chances 1 in 
20). A dilferonce is regarded as highly significant if such a difference 
could occur only once in 100 tinms hy chance Dwobalhlity ~ \ percent, 
or 0.01). 

The common- sense of statistics, Fvoii though we C/Unnot give the 
derivations of these fornudus, wc should not(^ tluit they agree with 
certain common-sense ideas. Look at forinulas 7 and 0, for exaiujile. 
Tho probability that a diffcu-oncc is .significant is dependent on {a) 
the size of the difference. This is a rensonahle kind of notion, Ix'causc 
it says, in effect: '^riie grcabir the dift(‘rence, llio more eonficlemu^ wo 
can place in it. ddion, too, the probability is related l.o (b) ( Ik' mnu- 
ber of oases wo have. This also is a reasonable idea* If (he difhu'enoo 
is constant in size, we fool nioro certain of that diffeiHMice with the 
greater uimihcr of observatuniSv Finally, the siguificauee of a differ- 
once is related to {c) the amount of variability in the data. The 
smaller the amount of overlapping ol scores, the more confident we 
feci about ibc difference. 

Statistics, tlien, iinivido a technhiue for taking a lot of common- 
sense ideas about data a,nd putting tliem on sound nuitheinatioal foun- 
dations. The oxpcrimenlcr who does not u.so or Diinks he does not 
have to use statistics is constantly haviiig to guess at the meaning of 
his data. If he finds a difference between two sots of data, he esli^ 
mates the significance of the {tifference on an iniuitive basis. Statis- 
tics give us a jirocoflure for rigonnisly analyzing tho data acconling to 
well-known laws of jirohability. 

The use of ronelatmis in predictino. Correlations can also Ix^ use- 
ful for prodicUve ])urposes. Figure; 7 is a schemuLc diagram t)f tho 
correlation bt'twoen the lianlness and tonsih; strength of die castings. 
Along tho right-liand edge of this figure is the normal distrihulion A 
of tensile strengths that we would get if wc were to ])]ot tho tensile 
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slircn^Lh of a very large number of eastings without regard to their 
hardness. If the foundry foreman came up to the statistician and 
said^ “Here is a casting. What is yoiw best guess alnmt its tensile 
streuglii?” the statistician’s best estimate would be that it liarl a ten- 
sile strength ecpial to the mean of this distribution. But tlie strength 
could have a value anywhere along that distribution. The size of this 
distribution, in short, is a measure of tlie jiossible error tlie .statistician 
might make in Ids prediction if lie know notJiing more about the speci- 
men. 



Fio. 7. Tins (li fig nun illusi.nitos how a rorrchiLioii reduces the possible error in 
predicting the tensile Rtrenglh of an aluininiiin die easting if the hardness of the 

casting is known. 

But sui)pose an inspector measured the hardness of the easting and 
ro])()rted that it liad a value of SO, Now, what is the statistician's 
best estimate of the tensile strength of the casting? Knowing the 
magnitude and form of the correlation, he can recliico his error of esii- 
inato considerably. He can ]wedict that the tensile strength of the 
casting will almost ccrtainl}^ lie within the confines of the smaller dis- 
trii)ution B shown at the far right. We can also see from Figure 6 
that, the higher the correlation, the greater is the reduction in the pos- 
sible cn‘or of ]^rediction. The little distribution B gets smaller as tlie 
corj’clntion increases. 

Other textbooks on statistics. This is about as far as wc can go in 
oiu’ discussion of basic statistics. It is important b) emphasize again 
that this is an iutrodiiction to a statistical way of thinking. It is by 
no means a com|)loto treatment oven of those statistics that are dis- 
cussed. There is no table, for example, of ihc areas under (.lie normal 
curve — that liighly imjiortant table which enables us to make the 
pi'obability predictions wc have been talking about. But if you have 
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followed Mils diHcussion you should havo a proUy ^ood idea uboui. how 
tl»c sLatistician works and wliat some t>f his iorius incaiu If you are 
interested in loaniinf>; more about tluun and do not have a [2;ond matJie- 
uiatieal background, you will find the texts by Freeman “ ami Me- 
Neniar * very useful. If you havo studied elementary calculus, you will 
l>rabably find Iloers book '' more to your liking. 
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IN WORKING WITH MAN-MACHINE SYSTEMS IT IS NOT ALWAYS POSSIBLE 
to maintain the dogreo of control the scientist would like to have. For 
instance, if we were doing an experiment on board sliip, tlio skipper 
might not coopcnito eomidotel^^ when, for exp eri mental pnrj)oses, it 
became desirable to have a heavy cruiser stand on hcaurs end while 
wo (lid a 10-ininutc study of a radar scope. Similarly, if a (luullty 
control statistician were trying to track clown sources of error in a 
nianufai^tiiring process, it miglit be uneconomical to close down pro- 
duction so that he could do a controlled experiment. In such instances 
the experiumntcr must resort to statistical methods for obtaining the 
answers. 

Controllmg errors in systems. In addition to the economic consid- 
erations that hamper the experimenter, various important factors in 
a system may escape deliberate manipulation. There are usually 
many sources of error in most man-machine systems, and the experi-* 
meiiier wlio wants to study a particular kind of error frequently finds 
that lie cannot control all the other ei’rors while he does his experi- 
ment. When operators read target locations from a radar, for ex- 
ample, the investigator discovers that not only are there human errors 
in these readings but also the radar itself comes with some built-in 
errors. The final range reading of a target, as given by the operator, 
is a combination of two sources of error: the operator’s own error in 
locating, identifying, and reading the target location, and the inherent 
error of the instrument itself. Unfortunately, both kinds of eiTors 
happen at the same time. We may be interested only in the operator’s 
errors, but we cannot make the radar perfect while we do our experi- 
ment. 

Unman enors in automatic systems. Even when tlie machine part 
of a system is completely automatic, or apparently so, the operator 
may still introduce some of his own peculiar errors into fclie quality of 
the final result or the finished product. Coakley,*^ for example, made 

30 





The Use of f^hilisLirs 

a s(,ii(]y of the of siockinf’s iiwimifa(*(oiT(l l)y aulttiiuilii* knii- 

ting inachiiios o])GniUMl l)y dill'cront workiu's. Tho op(‘ratoi‘'s Uisk was 
merely to pull certuin Iov('rs nt (H'rtuin tinios. "Phe time of ])ullinp; 
these levers wtis determhu'd aiitomaUeally us the maelunn (‘oinph'ied 
each sla[»n of its ft is liard to see how an nj)ernlor eoiild add to 

or subtract from tho number of stiielies or tho iuiml)er ol eoursi^s knit 
into a slocking*. Yet, wlien the same imudiine, usin^!; ih(' same yarn, 
with the same a<ljiisinients, was run by difbM'c'ut o])(‘rators, tlie distri- 
butions of wei^hls of stoekin|>;s (5ame out diU'erenlly ! In ^vneral, th(\se 
variations u’cro luUiic/ (o arise from r(;laiiv(dy euiisos sueJ* as 

the order hi wluoli Uie operator used tho eontrols, the way Ih’ set the 
controls, and the way ho stretehod and ms])eeted tlie liosu dm‘in^»; knit- 
ting. 

Whai i,s Ihe true value/ Tn evalualing many iyiM's of eomplex mim- 
machine S 3 \steins> the statist ieian rre((uently finds lnms(!ir up against 
another problem: Ho lias difTieulty inoasuriug tlie errors of tlu^ sysb'iu 
because he cannot find out what the (rue values are. bet vis illust.ride 
whai we moan by using a radar example. Tlu' ideal met hod for mens- 
uring the aeoiiraey uf a radar and its operator would Im' Io mnki' ust' 
of a series of targets whose distances from |.|u‘ radar are vi‘ry utam- 
rately known. To bo sure that, we give tlie radar a fair test and to 
avoid the possibility that (he railar oj)erat.{>r will inemoriz(i the posi- 
tions of some of tlic targets, we simuld have a large numbi‘r of targi'ts, 
50 or more. The targets should be loeati'd in nil dinadions from the 
radar, they shonUl bo at distanees of 2 to 100 miles, and their dis- 
tanros should he known (t) witliin a few yards. Ihit the (‘xpi'use {)f 
setting uj) sucli an ideal te.stiiig range is so great that sulistitute 
method.s have to bo used. 

Instead of using a testing range, wo might eomjiare tho ranges re- 
ported from one rntlar wiih those from anollun* radar, Ihit any radar 
that is used as a standard has its own error — usiiully of unknown .size, 
We can be sure that we will get discrepancies botw('('ii t he two radars. 
But the real prolilcm is: How miioh of the error is in tlie test radar, 
and bow much is in the one being iiscil as a standard? 

To get around these ditUcultios wc might use an olectrouie deviee for 
producing artificial targets. The output of such a gadget can be fed 
into the radar to ])roduec targets which appear (piito realistic. ]h\l 
the iiroblem is stilt not solved, )>ocauso we will (ind Mint (be (argi't 
generating system lias iU own peculiar errors which interact with tlie 
errors in tho radar cinMiits, 

The whole problem, then, boils <Iown to this: Ilow can wo measure 



Constant and Variable Errors 4^ 

11)0 accuracy of the infunnation a man gets from a rarlar when wg 
know that (a) the radar has its own errtn's, (b) the man cnntviimtos 
some of his own errors, and (c) the standard (either anolhcr radar 
or a target simulator) against which \vc compare the radar and oper- 
ator has its own error? 

How do ire calibrate an instrument? Although you iniglit not liavc 
tlunight al)out it, this problem has a rough parallel in the field of pre- 
cision instrumentation. Tims, in speaking about ihermonicters, one 
writer (Bchar~) states: “Since Ihei’c is no such tiling as absolute ac- 
curacy in the instrumental measurement of magnitude such as tem- 
perature, and since the function of a measuring inslnnuent is to assign 
to a measured iiiagnituclc a numerical value, tliat is, a inatlicmatically- 
iisable quantity, it follows that hiccuracy^ is the relation between the 
true value (of the magnitude) and the obtained value (of the quan- 
tity). The true value, of course, is a quantity obtained by means of 
a hnoro accurate^ instrument which has boon certified by moans of 
^still more accurafe’ instruments defining the InUMUiational Tempera- 
ture Scale.^’ The reUitivo sizes of the errors involved in the use of 
\)recision instruments aiul in the use of radar arc very diffei’cnt, of 
course. But the two jirublems are similar in tonns of the basic ideas 
involved. 

11 ow is it possible to sort out and evaluate tlio sources of error in 
systems (lull involve such com) ilex mlerreliiticmsluiis? The rest of 
this chapter is concerned primarily with the answer to this que>stion. 

KINDS OF ERRORS 
Constant and Vaiuabln Erkors 

Because ])coiilc use the word “error*^ in man 3 ^ different ways, it is 
necessary to look closely at the kinds of errors s^^stoms may exliibit. 
In their research, jisycliologists have frequently made a dLstiiiciioii be- 
tween (a) constant errors and (b) variable errors. A constant error 
is (he diifenmce between the average of a large series of ineasurcnmnts 
and the true, or expected, value. A variable error is measured by 
some statistical quantit}’' tliat defines the dispersion, or spread, of the 
individual lueasurenionts. 

ConstaiH ami variable errors in rifle sliootinc/. We can illustrule 
this distinction between constant and variable errors by a fairly simple 
cxnm])le. Tn contests between expert riflemen, each man shoots a series 
of practice rounds. Shown in Figure 8 arc the patterns by two 
riflemen, A and B. In general, rifleman A placed his shots around the 
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ccntr^il area. We woiilrl suy tlmt ho had no cnnHlani error. Hillotnun 
B, on the oilier hand, huj^ a niiluM' larf*“e constant error. Tlie average 
position of hia ton sl\ots is far from the ooni.cv, 

''I 'lie \'ariai)le errors for iJicsc (,\vo rilh’iiien are ineaHiired liy the 
spread of the iudividuul shais on the iargc'L Rifleman for example, 
is an inconsistent shot. Although his sights appear l.o ho HC(Miraiely 
align(‘(l on tlic target, he shows a great deal of unsteadiness. We would 



A B 

Fia, 8. Hero aro two target patterns shot hy ritlcimai A and /t /Ums no eonsfant 
error but largo variable errors. H has a large constant error but smull varialile 
errors. (Af(or ChapaiiiK, l*Jr>l) 

say Uiat he makes large varialilc errors. Ililleinaii Bj on the oUior 
hand, is an oxtrcnicly consistent shot. Ilis variuhlo errors arc very 
small, oven though he has n largo constant error. 

Constant and variable errors in instrinnenlation. This dislnuetion 
between the two Iducls of errors is found uLso in the field of acouvate 
instnnnentation. Thus, Behar- states: ‘h . . intrinsic aceuraey im- 
plies other measuring properties, because its (leiormination involves a 
more or less complete calibration, in the course of which it may he 
found that the error varies not only for different true values, but for 
the same true value when siiocessi^'’o nicasuremenl^s are luaded^ 
Another writer in this field (Sclilink states: ^The third impor- 
tant factor to delonnine in the culiliration of a measuring iiiBirnmcnt 
is that of variance, which is defined as the range, at any given value 
of the measured quantity, of variation in reading which may he ex- 
hibited by the instrument under repeated apjdication of the sainc value 
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of the quantity being measured, after a steady reading has been at- 
turned, the eiivivunmeiit remaining inudianged. Tins q\nintity . . . 
may also be called the range of uncertainty of indication in that it 
rei)rC8ents the range within which the readings may be expected to 
lie when all causes of variation save those iiiliercnt in the instrument 
are eliminated/^ 

Co?istant and variable erroi'S in I'adar. Tlie radar problem turns out 
to be very similar fo the sliooting problem even though we have in- 
creased (ilic complexity of the machinery involved. A radar operator 
takes 11 sight on a distant target. He reports a range for the target, 
Let us call tlicsc ranges Rq, tliat is, range obtained from tlie radar. If 
the true range of the target is Rt, tlie error of measurement e is Ro ^ 
Rt. Tlie subtraction is always carried out in this order. This means 
tluit an error may be minus, tliat is, the radar range is .short of the 
true range, or plus, the radar range is greater than the true range. 

In general, if the errors of the radar system and the operator are 
variable and if the radar set is calibrated, tlie discrepancy between tlie 
radar range and the true range will average around zero. This means 
that tliG obtained range will be too great as often as it is too short. 
If we took enough range readings from the radar set, the mean ob- 
tained range shouUl be a very close ap]n'oximation to the true range. 
The plus errors and the minus errors would cancel themselves out. If 
the average error did not come out to zero but to 50U yards, for example, 
we would have discovered what is known as a constant error in the 
radar system. Note that we calculate the mean range error by 
using e(( nation 1 discussecl in tlie last chapter. Instead of the quantity 
X used in that equation, however, we substitute the quantity t. And 
we must remember to take tlie sign of each error into account; that is, 
we must add the errors algebraically. 

. In the radar cxainjile there is a true range for every target. But in 
the bushing example used in Chapter 2, we do not have a “true” value. 
There is instead an expected value to aim for — the diameter of 2.0000 
indies called for by the specifications. If the average outside diameter 
of the bushing had turned out to be 2.0010 inches, there would be a 
constant error of +0.0010 inch. 

Constant errors in qualily control work. In quality control work,® 
the eiveragc value tells the statistician whether the process is ^^ceutered^’ 
satisfactorily. A constant error, in our terminology, means that con- 
trol is lit the wrong level. Control is at too high a level if the constant 
error is positive; that is, the average is higher than that called for 
by tlie specifications. Control is at too low a level if the constant error 
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iis nof>;alivo; ihal is, tho avenige is hnvor tliaii wlwit tli<' s]>('rili(*alit)ns 
caUc'd for, 

Aleu.wnuff variable errovfi. Although it is important to identify and 
mcnsiu'u the camsi.ant urrors in sysii'ms, it is murl\ movu in\por(,a\d- to 
stialy tho variiihlo errors. lOngiiioors us(^ Iho inaxinuim liinils ol‘ tlio 
errors t)l>liiincd as a niensuro of tlic vuriahlt' (‘rrors of tlu‘ iiisli'iiincnt, 
In the quotutiou from ychliuk oilo.rl previously, for (‘xumph', llu^ vari- 
ance of a measuring inslrunient is dofinetl as the range of variaiion 
in readings Unit residU when the same (inauUty is nu'asui’ed over and 
over. Alihijugh ilic range of evvovs is an easy quantity i-o eom)>ut;C, 
it is not a satisfactory measure of the vnriuhle iM'roi’s in a system. iVe 
mentioned in Chapter 2 some of the reasoi\s why (his is so. Statis- 
ticians usually i)refer to use the standard deviation as a ineasun' of 
vuriahic errors, fn quality control work, a manufaetnring process is 
said to be ^'controlled” if tho variations of the ilems around the aver- 
age are small. This is another way of saying timi (Ik' sI andiird devia- 
tion of the incasiircmenls is small A eontrolli'd luaimfaciuriiig proc- 
ess, therefore, jmoduces itenm with a high degree of uniformity, 

Uaiiui covniaiH and variahle errors in prodiadion, Disirihutious of 
variable errors in industrial ajqdientions are not seen very often, be- 
cause inspection is usually on a go-no-go I)asis, Hut Uie vuriahility i>s 
there, nonetheless, and, if you understand the principle of thi‘ thing, 
you can occasionally put this information to practical use, Alger,' 
for instance, gives an example in which 15 percent of froijueiiey ridays 
were being rejected beeau.se they fell outside the tolerances allowed 
in sj)ecifications, Idotting a distribution of the measun'inimiH showed 
that all the rejections were on the high side. A shift in tho calibration 
setting of the machines, that is, changing the mean of the dislrilmtinn, 
reduced the rejeidions to a trivial amount without any design or manu- 
facturing change. Wo can sec how this worked hy liioking at tii(^ situ- 
ation schematically in Figure 0. Shifting tho average, without cluing- 
ing the variability of the units, reduced the rejects from 15 penuMit 
to only 2.8 percent. 

Measuring constant and variable errors together. For some pur- 
poses, it is convenient to have a measure of tlie eonslant and variahle 
errors together. This, a^ipm’cntly, is what instrument nmkers mean 
by the limit of error. It is the maximum error wo get in calibrating 
an instriiinent wlion we make no distinction between lli(» constant and 
variable errors of tho instrument. Thus, Jlehar^ Btnies: . . d'he 

*Thn word "rango” in tin.s ronrioUUimi rofor.s to Uic aUU.iHfica] ciuaiUily nion- 
tionod in Clmplor 2. 
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intrinsic accui'acy of an instrument is the resultant of its measuring 
pro]:)ertics. It usually is cxju’cssod in terms of the limit of error, de- 
fined by the Scientilic Api)ai‘atus Makers of America as ^the maximum 
error by which the readings of an instrument will depart from true 
values.' " 

Since the limit of error is dependent on only one value— the most 
deviant error in a series of measurements — and is subject to the same 




Before 

Adjustment 


After 

Adjustment 


Fig. t). Tljis i« a (iislnbiHion of ])nH[uolioii unit.'? with a proportion of 

rojonf.H (iibovo). 8 hifLiiij 5 tlio (•alil)ra(.ion sotting of the ma(*hines, l.liaf. is, changing 
tli (3 moan of the distribution, roducofl the rejects greatly (below). (After 

Chapiiuia, 1951) 


objections \vc raised in Clmi)tcr 2 witli regard to the range, we shall 
tlefine a new measure oo- as the root-mean-squarc of the errors around 
the zero error, that is, around the true value, ctpuil to the square 

root of the second moment of the series of measurements. It is an- 
other kind of standard deviation and is defined by the equation: 


0 ^ - = 


~¥- 


The Relative iMPoirrANCE of Constant and Vahtable Eruors 

Having defined constant and variable errors, wc are in a position to 
ask: Which are the more imiKjrlant? Let us go l)ack for a momonl to 
tlie target patterns shot by the two riflenion (Figure 8). At first glance 
you might say that B is a very inaccurate shot. And yet any rifleiiiau 
will tell you Unit this is not the case at all. B is a much Ijetter shot 
than A, The reason is this: The large constant error in the trial shots 
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fired by B can bo compcnsatod for very easily by sini])le at ljustn units 
in his sights. With suitable corrections in elevation and windage, 
riflemnu B will turn in a perfect score (sec Figure 10). Tn rifle shoot- 
ing, then, constant errors are not the important oiu's, hecmise tlioy can 
be very easily corrected by changing the alignment ot tJic sights on the 
gun. Tlie really important errors are fhe vanal)le ('rror.s. No correc- 
tions of tho .siglits (HI jVs gun will mnk(^ all his sliols tall in the (umter 
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Fio. 10. Thrive iwc Uu' smue InvRrt pattcnifi >mhi suw iu I'iguvc H. llcvi\ iiONvcvcv, 
viflomuu B bus ouito<’UhI bis ciHisiuut cvrci’ Uy cbuugiug tb<^ ivligiuucui. of his sights. 
Noto that A*s van'ahie omms will not let biin j^et n pcrfcHii scon*, hi many ra.scs, 
variable oirora arc ilio boUer ituliiNiiorH of instability in a maii-inafliint' systiaii. 

(After ClmpaiuH, PJ51) 

bull Ho is inherently much too variable for that. All this is true, of 
course, provided tlie constant errors arc recogni;5cd and coiTCctod. Tf 
constant error wore not cori'ccted, he would got a very low .score. 

Correcting constant errors vi radar. Just as in tho sliooting exam- 
ple, constant errors in radar sy.stcm.s are less important than variable 
errors because it is always possible to correct the constant erroi’s. 
Variable errors arc the true indicators of tho inherent instability or 
inaccuracy of a system. The reason for tliis is easy to see: Tf oper- 
ators on a radar always road ranges 500 yards sliort of the f.nio range, 
we could correct the error by a simple change in tho olcotronio oirenits 
or even in tho dials. The real .source of diflienlty, however, lies in the 
fact that an operator will give a scries of readings, the first of which 
is 500 yards loo .short, the next 400 yards too great, the next 1,000 
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yards Loo short, and so on. The reduction of tliesc annoying variable 
errors constitutes one major objective of engineering psychology. 

Correcima constant errors in instniments. Corrections for constant 
errors arc also used in the field of prcci.siun instrumentation. In the 
use {){ certain instruments, constant errors arc corrected by data fur- 
nished with tlic instrument. Tlie better grades of fever thermometers 
used in hospitals arc a good example, Tilach thormoineter has been 
lal)oratory-testcd against accurate standards and is accompanied by 
a chart (sec Table 5) which sliows the size of the calibration, or con- 
stant, error. The variable errors fur such an instrument are usually 

TaBUT? 5 . OoHttlOC'TlONS FOB CONSTANT EuHOBS IN A HiGH-GbADF FfvJRU 

Tiikbmombtku 

Tluisi' Krroi'.s Arc Frequently CVllod C'jilihrnl ion Frrors 
Heading 

08 ** - 0.1 

102 “ -)-(),[ 

100“ dO.8 

Whoii the correction is +, it iniist ho a<ld(‘d to the ol>sofve<l reading, and, when 
— , Kuljlractetl. 

very small, indicating groat inherent precision or stability. Thus the 
thermometer that had the constant errors shown in Table 5 was certi- 
fied to reproduee the same lemj:)orature within 0.1"^ on repeated trials, 

Uelatine importance of constant and vai'iable eirors in production. 
This distinction between the relative importance of constant and vari- 
able errors is so significant that wc shall look at another example, 
Coakley ^ measured the weights of stockings made by macliincs adjusted 
to manufacture them in sizes 9.5, 10, and 10.5. The distributions he 
obtained are shown in Figure 11, On the average, the size 10.5 stock- 
ings were heavier than the size 10, and these, in turn, were heavier 
than the size 9.6 stockings. But the average weight is not important 
here. By adjusting tlie machines, the operator can adjust for any con- 
stant error and make stockings heavier or lighter, as he pleases. 

The real problem arises from the variable ei-rors. There was so 
iniich variability in the weights of stockings that a customer might 
got some size 9,5 stockings that were heavier than some of the size 
10.6; in fact, not even the heaviest size 10.5 stocking was heavier than 
all size LO's, Not only is the customer likely to be dissatisfied i)ecause 
of this variability, but also the manufacturing process is made more 
difficult because of it. If stockings vary a great deal, it is much harder 
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to inal(‘li Ihi'in up into pairs. So hero again Wd sou tlml it is flu‘ vari- 
able ornu's Dial indicalo gonuino instability in Uio man- luaeiiino n'lu- 


tionslup. 




V^eight expressed as percent 
deviation from total meati 


Frn. 11. Hero aro thn^c (list ribu Lions 
of stockings whicli wort" .suppoKrul lo 
bo siuo 9.5 (top), 10 (coni or), ainl 

10.5 {l)oUuiii), Tbe va rial do on oi's 
are‘ so grout that you inight buy a 

9.5 slordcing tliat is hoavicu’ than a 
size 10.6. (After Oouklny, 1950) 


ruK AcotrMin.A^i’ioN ok kio 
KOHS TN l\rAN-MA(dIlNH 
SYvS'rKMH 

'riioro urn usually luatiy sou re os 
of error whirli eonlril^uie lo vnriu- 
bilily in llio final r<‘sult. ^Vo liuvo 
already inenUonod soinc of these 
ill the early part of iliis chapter. 
In the ease of radar, for example, 
some (Trors ai’ise from the eh^e- 
Ironic circiiils in (lie i-adar it.self, 
others from il\e vivtluv opera! or. 
W'e kiunv that liotli .sources of error 
an* also found in tli(' use of pnad- 
siou meusuring iusirumvnts. ^^ome 
i‘rrors are due lo tlie instnimeniH 
lli(‘niselv('s. A nieUa* or gage will 
uol. always e<nuc lu rest at precisely 
(he same point on repeated trials. 
Ijig, friol;i()n, hysteresis, thermal 
expansion, and so on coiUrilmlc to 
tliese instrument errors, Hut tiiei'(» 
are also some rather largo human 
errors in the use of precision in- 
si runients, It is worth iiointing 
out, iuciclontally, Hint the Iniinnn 
error in using precision gages, mi- 
crometers, and cali])ers, is consid- 
erably greater than most super- 
visors or standards men expect. 
Lawshe aiul Tiffin,^' for exum]ile, 


studied Uie no curacy and v art abil- 
ity of measiireinenls made by 200 inspectors and dfi experienced tool- 
makers hi using such insinunimtH. Their data indicate a surprising 
amount of luunuii error. 
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The Addition of Constant Errors 

Tho tMiginooring psyoliologisi, wlio is faced with the problem of re- 
ducing variable errors in inan-inaohine systems, must know how errors 
areuinulatc in a system in onhn’ that he may go about his task inlel- 
ligently. The soiirco of error that contributes most to the linal vari- 
ability is o])vioiKsly the most economical one to tackle. This may seem 
so (^hviin^s that mUhing mure need he said about it. But there is move 
to the prol>lem Ilian this, as we shall see. 

Tahlu C). An 1 nnnsTUATioN of Acctimolation of rhiiious in MiOASimBMiiiNTB of 
Tina OuTBinio Diaweters of asm nos 


Bushing 

‘'True” 

Terror of 

Ti(‘por(.ccl 

numl)or 

oulside ilianH'Icr 

nK'Rsuri'inont 

outHule (liainotor 

t 

2.0039 

TO. 0005 

2.00^14 

2 

2,0nM 

TO. 0009 

2,0023 

3 

I.ODcSO 

-O.OOOG 

1,9974 

i 

2.0000 

TO. 0003 

2.0003 

5 

1,9073 

TO. 0008 

1.9981 

0 

1 .OOOO 

-0.0002 

1 .9994 

7 

2.0010 

-0.0007 

2.0003 

a 

1.0990 

TO. 0007 

2.0000 

0 

2.0003 

0.0000 

2.0003 

10 

2.0037 

-0,0004 

2.0033 

U 

2,0021 

-0.0002 

2.0023 

12 

2.0000 

0.0000 

2.0000 

13 

1 .0970 

TO. 0001 

1,9077 

14 

1 .9978 

-0.0001 

1.9977 

16 

2.0000 

TO.OOOG 

2.0012 

16 

1,99*13 

TO. 0002 

1.9045 

17 

1.9993 

TO. 0004 

i.9097 

18 

2.0010 

TO. 0002 

2.0018 

19 

J.9970 

TO. 0003 

1.9973 

20 

2.0005 

TO. 0003 

2,0008 

M 

1 ,9998 

TO. 0002 

2.0000 


0.00227 

0.00042 

0.00230 


An emviph of accumidation of error. Lot us suiipose that the first 
20 l)iisliings in Table 1 wore measured with such extreme precision that 
wo couhl he sure of tliese measurements to the fourth decimal place. 
They are lisl(‘cl in Talile 6 as the ^d-ruc^^ outside diameters. Now let 
us siii'iposo that the insjicctor made certain errors in measuring these 
bushings with his vernier micrometer. His errors are shown in the 
ctilimm headed ^‘Error of measurement.” The tliird cohinni of tliis 
table gives the algebraic sums of the first two columns— they arc the 
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ouisitic diameters of tlio 20 bushings as finally r(^i)()rie<l l^y the in*- 
Hl)ccior. Thus, ilie first bushing luid a true diameter of 2*0080 inches, 
and tlm ins])eeU)r’s error in using tlie miertaneter was d-O.OOOf) inch, 
so that what he actually reported to the statistician was a incas\ire- 
niont of 2.()0d'l inches. Similarly, the second hushing had a true diam- 
eter of 2.0014 inches, and the inspector’s error in reading the luitjrome- 
ter was +0.0009 inch, so tliat what ho reported to the stiiiistician was 
a measurement of 2.0023 inches. Now let us examine more closely 
what has liapi)ened. 

How constant errors add. The first 20 bnshings in Table (3 have 
a mean diameter of 1.9998 inclics; that is, there is a constant error for 
this sample of —0.0002 iiicli. On the average, tlie inspector made a 
constant error of +0,0002 inch in using his micrometer, that is, lie 
tended to read a little loo high. Now look at the average diamciter 
reported to the statistician. It is 2.0000 inches and is exactly etiiuil to 
the average true dinmeter of the bushhigs jilus the average error of 
measurement. Thus, the rule for the aeciumilation of constant errors 
in a system is simple enough: 'They add alg(4)rui<ailly. 

To pick another example, supjxise a radar is misenlibrated so that 
it reads 20 yards short of the true range; that is, its constant error is 
— 20 yards. Now let us suppose we have a ratlar oiicnitor who, ho- 
cause of the way he aligns the range marker with a target> has a ten- 
dency to read 50 yards too high. On the average, ho will give us 
range readings 50 yards too great — his constant error is +50 yanls, 
Put the radar operator together with this particular radar, and wo 
will get range readings which are 30 yards too great, that is, —20 -|- 
50 = +30. 

The Accumulation of A'aiuable lOmioiis 

Now let us look at the variable errors in Table (>. If we add the 
standard deviation of the true incasurcmcnts (0.00227) to the stniulard 
deviation of the inspector’s errors (0.00042), wc do not get the stand- 
ard deviation of the reported measurements (0.00230). Tlie sum is 
0.00269 and is about 17 percent too big. But notice this: The squares 
of these standard deviations add up to 

(0.00227)2 + (0,00042)2 ^ 0.000,005,329 

And now notice that the square root of thin sum is 
(0.000,005,320)' « - 0.00231 

This checks with the standard deviation of the reported measure- 



61 


The Acnmnlatinii of VnrinbJe Errtns 

mcnts within less ilnin 1 percent and woiikl have elieekcd exactly if 
the correlation between the true inensnrcinents and the inspector’s 
errors were exactly zero. 

So, when we speak of the aeouiiuilation of variable errors, wo use 
the word ^‘acciiimilation” instead of “addition” for a very good reason. 
Variable errors do not add directly hut according to their scjuarcs. 
Since a standard deviation is a measure of variable error, we cannot 
add standai’d deviations of component errors to compute variable 
errors in systems. We must first square tlic standard deviations, then 
add tliein, and finally extract the square root of the total to get the 
variable error of the system. The ^‘squared standard deviation” is so 
im])orlant in statistics that it has a name of its own — varianoc.^ The 
^'ariance is still a measure of variable error, but its meaning is clifli- 
(Milt to interpret graphically in the saino way that we illustrated the 
standard deviation. Tt is best to think of a variance, tlicrcfore, as an 
nlistract matbematieal (luantity that has value for getting an end 
result. 

Fonnula for the (uxumulation of varianrea. Now let us ])nt t)\e 
information just given into a formula. Tf we have a man-inachinc 
system with several components. A, /i, C, * * • , each contributing some 
amount of error, the variance of the error in the final product or result 
T turned out l)y the total system is equal to the following: 

( 11 ) 

"I" + • • • 

rb 2rAfia,i<rji ih 2rA(:<rA<r(? rh 2riic(Tii(rc it • • » (12) 

This looks like a very comi>licuted formula,^ hut it is really not so 
bad when you dissect it. First of all, notice that the last group of 
terms includes the correlation ooeflicient r between the comjmnent 
errors. Fortunately, the errors in component parts of man-machine 
systems arc usually iin cor related — they bear no relationship to each 
other. This means that the ?'^s are equal to 0, so that we can neglect 
all those terms involving r’s. In Table 6, for example, wc have no rea- 
son for suspecting that the amount and direction of the error that ilio 

' Ah wu hiivo already seen, Lho ierm ^Variance" is also used by inslriiinenl 
niakor.s in a sligliily clifTeroiU s(‘nHo (see p. 42). This confusion of termiiiology 
is \inforLiinat(\ mid tlic i’(‘ador shoulii be eiiroful lo dilTeronliiilo between the two 
meanings. Throughout tlio rest of the book, the term “variancG” is used in the 
statistical sense to refer to variable errors measured in terms of (t-, 

tTlio ])rnofs for all these formulas have i)ecn worked out by Chapanis.-* 
Headers wlio like to follow mntlicmatieal d(‘rivation.s vtm find them in his arlicde. 
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iiLspoctor niakrs is irlalod sysU'inalicmlly U) (in' rniidoiH variuiions in 
the size of the busliiii| 2 ;s. li yon wovk tail this eurvehvliou yvni liuvl, 
ill fart, that the v is o(iual to -^0.021, wlhcli is almost exactly no oor- 
relation. 

This correlalion farl.or will not always turn out U) he zero, of eourse. 
It is likely, for instance, that a rouf!,ii fiirinding o|)emtion on casl.inja;s 
would give variable errors relaled to the variable mms jirodiuaMl by 
tlic casting process. Tlie amount of iiinlorial ground off the c.nsting 
is iwohably rcUiteil to the initial size of Ihe casting. The possibilities 
of such corrolalions must be studied for each system separately and 
require that the stalistieian have a reasonably good i<lea of what goes 
on in the system. 

Sum of variances. In the nio>st common case, however, there is no 
correlation lietween component errors, so Unit tornuila 12 reduces to 

(t\ — "b -I' (T^a -\ ( h‘5) 

This formula says that the variance of tlie vvvov in our eonipide nr 
total system is equal to Uio sum of the variances of the error contrib- 
uted by iiHlividunl parts of the system. ^Phis basic (U| nation does two 
important things. Virst, it gives us some exironu'ly useful infoniuUion 
about the way errors aetaumihiio in a sysieui, and, second, it enabU‘s 
us to analyze the magnituite of errors in certain parts of our s^'^siem, 
if we know certain oilier errors in the system. 

Distribudon of marhine error, fn order to s(hi liow errors accumu- 
late in a system, let us assume another realistic oxamplo that might 
arise hi a systems analy.sis with a radar indicator. The uppei’ eur^'e 
in Figure 12 is a distrilniiion of a thousand errors contributed to the 
final range rcmlings by the radar itself. These errm's ine.ludo all 
sources of inherent inaccuracy in tlie railar system. We have postu- 
lated here a standard deviation of 10 yards. 

Man> and viachine error. Now, lot ns further assume that the liuman 
error in ojicraling the radar remote indicator is equal to 20 3 ^ards. 
That is to say, on the average, the operator i.s twice as inaccurati^ as 
the machine. What happens now when we accumulate both sources 
of error? The resultant error is vshown by the lowest OAirvc in Figure 
12. If we accimnilnie both the inherent errors of the machine and the 
inherent errors of the ojicrator, the resultant variable error is eciual to 
22.30 yards; that is, ^A(IO)^ -b (20)-. iVlthough this method of ac- 
cumulating errors in a system may not appear reasonalih', a large 
number of studios at the cx])crimenLal and niaUiemntical level show 
it to be true. 
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Which error is imporUnit? Tl)is -sort of arcumiilation of ema’s in a 
sysiom lias extremely important iniplieutions. In the first ])lacc, we 
noti(5e that, when we aecninulate errors in tliis way, Ll)o maelfijie’s 



Range error, c, in yards 

macti rnatij 

Fin. 12. ITow random errors aeoiimnlal.o in a inan-iniiehiiio s 3 ^ 8 (om. Snpposn that 
(ho .standard dovia(.ion of machine errors is 10 yards (top {‘iirvc) and Uio htuiulard 
deviul.ion of luunan errors is 20 yards (middle eiirvo). Beeaiiso smdi errors iiccn- 
muliiLe according? I.o their squares (see formula at the botloin), the final distribu- 
tion of inan-inachino errors will have a stanrlard deviation of 22.116 jnirds. 
Though tlie maeluno variahiliiy was 10 yards, it only increases tlio man ^nlri" 
ability by 2.36 yards. (After Chai)imis, 1951) 

errors amooiit to relatively very little. Wo have increased tlic varia- 
ble error of the man from 20 yards to only 22.36 yards by adding in 
the error of tlie jnachino. 

What docs this inii)ly as to the kind of problem the investigator 
should attack? Let us look at the question in tliis way. If we were 
able to eliminate completely tlie inherent error of the machine, we 
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w<Hil(l bo, mliioiiif]; the variable error of the final raii^o rcadinpjs by 
only 2/M) yards. Tins means, in siioii, UuU- we can inako our greatest, 
contrihuliim to inorcasinp; the aceurney of the man an<l inuohim: com- 
binaliun not by worryitifi; about the aeeuracy of the machine, i)ut 
rntlier by increasing the inhen'nt accuracy of the operator. We ai’e 
likely to get more for our money if we concentrate on Iho man. 

The effect of changing variance ratios. In the ju’evious iliuHlration 
it was assumed that tlio error of the man alone wa.s twice as great as 
that of the machine alone. Ni)W, see what liappeii.s as we increascj this 
diiloronlial. If tlic variable error of tlm man is *^0 yards and Ibo vari- 
able error of the machine is still 10 yards (a ratio of 3 to 11 the vari- 
able error of the nuui and machine is only 31.02 yards. The a(hliiion 
of the machine error to the man evvov iu this case l\us increased the 
total error by 1.02 yards, oi' 5 pcrconi. If (he variable error of the 
man is 50 yards and the error of the machine .still 10 yards (a ratio of 
5 to 1 ), tlie variable error of the man and machine is 50,99 yards. In 
this case, adding the errc)!’ of tlie maebine to that of the man Inis in- 
creased tlic total error of the combination by rougIil 3 ^ I yard, or 2 
percent. To state it another way, if we could inako a perfect macliine 
for this combination, we would reduce our final vnrial)lo error hj^ only 
2 percent. 

Tiguro 13 shows what percentage of the total variable error is ac- 
counted for by tlie smaller of two component errors, Notice bow 
rapidly this contribution drops oft as the dillcrencc licUveon the com- 
ponent errors inci’eas(*s, that is, ns the ratios in Figure 13 got smaller. 

The signilicaiico of this exam))lc should l^o clear, Suj^posc that at 
one point in a system there is an instrument or an operation that has 
a low inherent error and in another location m the system there is an 
operation or instrument that is relatively more inaccurate. It is not 
oconomical to attack the 0]>oration that has the lower source of error 
since its contribution to the total or resultant error is nine 1 1 smaller 
than wo might at first suppose. llcAuembcr that not tl\c addiliou of 
errors but the addition of squares of errors makes up tlic final result. 

Application to instrument design. You can make up your own ox- 
ainples to amplify tliis accumulation of variances still further. Wo 
will give one more illustration that is important for engineering psy- 
chology: There is no reason to increase the inherent stability of in- 
struments to the al)solute limit if the dials and scales on these insiru- 
inents are so cojistr noted that a human oja’rator makes largo ci’rors in 
reading them. The following quotation from 8e|)link ^ is pertinent U\ 
this problem: ‘Tt is often found that i)articular measuring instruments, 
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are given a sensitivity far higher than warraated in the face of tlie 
error obtainable in reading an<l resulting from the variance i)rescnt. 
Similarly, the graduation of instruments is often found to be far closer 
than the large amount of the variance justifies. Care should be taken 
in the design of measuring instruments so that the units of graduation 
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Ratio of the variable errors contributed 
by two components in a system, 


Fig, 13, This shows what percentage of tlie total variahle error in a system is 
conirihut(?cl l^y the smaller of two eompoiieut sources of error. Noti<‘f‘ how 
rapidly the amount eontribiitod by the sm idler source of error drops off as it 
becomes relatively smallei* and smaliev. (A.(tcv Chapanis, 1951) 

and the openness of the scale arc not out of all proportion to the effec- 
tive reproducibility of reading ])oaHible.*^ 

The Accumulation of Constant and Variable Errors 

Now let us look at how the constant and variable errors combine in 
a system. The equation tliat shows this is 

oiT,,- + ( 14 ) 

This forinula stiites that the variable error around the 5i:(M’o error or 
true value is equal to the square root of the squared constant error plus 
the H(i pared variable error around the constant error. It is very similar 
to forimda 13 which shows how component variable erjors accumulate 
to make up the total variable errors in a system. 




gQ The Use of Siatisiin 

Importance of rnjh^fnni amt variable errors. This forinulu is si^nifi- 
canb b«caus(i il provides os >vilh a maUionialieal slat.oiai'ni al>o\ii, Iho 
relative ioiporiunce of the (jonsbuiit and variabh^ erroi’s in a s 3 ^sUMll. 
liX'a(‘ily Ibo same arf^uinont tluit ap])li(Hl to tonniila 18 liolds lioro. So 
long as the constant error, is small compared with the varial>le 
error, its contribution to tlu^ total ('rror of tlie system is very small. 
A eoualaut error iu the systetii mcaus that the readings will he biased; 



Fiu. M. TIk'hq ani the .sjuiu' turpffH. piitternH you naw in Fi^ureH 8 Jiiid 10. Hero, 
liovv(‘\'or, ilio snnio sinull constuiit f*rror has Ixhmi mldc^d to bot h pa Horns. Nol i(*o 
iiiat the constant error does not d's scoro very nivi(*h his varinhlo 

ciTor.^ aro so largo. Tluj sumo ronsiani (UTor inakos a hig dilTorenco in /i’s stajro 
hcnmse his varlahte citoi-h arc so small. (After Chu]»auis, lOol) 


that is, the average of a large mimber of readings will be too high or too 
low by some amount. Bui so long a.s the ratio il/erAc?- 14 
the conti’ibution of the constant error to any single reading will, on the 
avonigo, 1)0 unimportant. 

Applications. This conclusion is important for most man-imichinc 
systems, although it is not always generally understood by engineers. 
Some of them spend great am(mnts <^f money and time in caUbvaiing 
equipment, that is, in attempting to eliminate constant erroas or caU- 
bratioii errors, without at the same time concerning thoms(dves with 
the instability of the equipment as reflected in the variable ei'rors. 
Because it is such an important idea to understand, let ns sec lanv it 
works out in the case of aur riflemen. Tn Vig^uve K ave Vlw tar- 
get patterns shot by the two I'iflcmcn, .4 and 7?, that wore .shown in 
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Figure 10, Ilcrc, however, we have slightly changed the adjustment 
of the rifle sights on both guns. This is cciiiivalent to adding in a con- 
stant error — the same constant en^oi’ for both riflemen. Notice that 
this slight error in the adjustment of his rifle sight docs not really 
alToct ^I’s score very much. However, this small constant error makes 
quite a difference in /Fs score. The reason, we can see, is that the con- 
stant error is almost as big as his variable error. 

ANALYSIS OF SYSTEMS ERRORS 

Although equations 13 and 14 are very helpful in telling us about 
the relative importance of CMimponcnt errors in a system, they ser^^e a 
much more u.soful function in enabling us to measure the amount of 
error in certain parts of a system when certain other c^rrors are known. 
Perhaps tlie best way to demonstrate their usefulness is by spc(iiric 
exami)les, 

R^DiUi Examples 

Analyzing errors in one kmd of radar. One type of problem we 
mentioned earlier in connection with radar research is that of measur- 
ing the variable erj’or of a radar wiien the true ranges of targets can- 
not be measured. The solution to this problem can be found if two 
radar indicators of the same type are used together. Both radars are 
ranged on the same scries of targets. The range report from the first 
radar l?i is a combination of the true range of tlie target \)lus the 
error of the radar indicator and its operator ej. Thus: 

Ri - Rt + 61 ( 15 ) 

Similarly, a range report from the second radar R2 i« 

i?2 = Rt + 62 (lb) 

Even if we have only the range reports from the two radars, wc can 
still discover more about tlic inherent variability of one radar system 
l^y performing a few algebraic manipulations. First, let us find the 
difference between corresponding range reports from the two radars. 
Thus: 

Si “ /?2 — {Rt + 61) — {Rt “H 62) 

(17) 

= 61 — €2 

This formula states that when two radars have ranged on tlie same 
target, the difference between their range reports is eciual to the dif- 
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fomi(*c iH'twTon Mio errors inhor(*n(. in I he iwo riulurs ninl tiieir opc'r- 
ators. 

If sueli (.linVronens arc ohtained on a hir^e luinihc'r ol' larf’cds, wo 
may write 

"■/fl-Ki = -f:! = k|“ + 

'Die viihios (m tli(! h'fl. of llio sccdiid (‘(|ujil sign aiv I.Ik; niu's wn Uin)\v. 
In lliis insUincc, li((\v('\'ci’, i(, is tvasoinilik' Id iissiniK' (Iml. t'lK! viii’ifibln 
ornirs of llic (,w<» ratiiirs an; of alionl, Mu! same nnler of inagnilude, so 


that 




^42 

(19) 

Tima 


(20) 

i\ml 

1 1 

-r 

V2 V2 

(21) 


'I'liis Iasi, equation 21 tells us lliat tlie variable cmtop of one ra{lav and 
its ojK'nilor is equal to the standard deviation of tlie dilTcrcneos be- 
tween range rejioi'ts <livided l)y \f'l. To pick s])ceific numbors, if the 
If of the dilTereneo between range reporls on the two radars is lOl) 
yards, the variable error of the I'ango reports from one radar is 7U.7 
yards. 

It is imporl ant to note in this example that it is im])ossiblo to deter- 
mine the magnitude of the constant errors of the two I’adars. Let us 
assume, for exainjilc, tliat the mean dilTereneo, was —10 

yards. Tills tells us that there i.s some constant error, cither jihysieal 
or psychological or both, in the operation of one or botli of the riular.s. 
But we cannot discover the magnitude of the constant error of one 
radar because one might be off liy 100 yards, the other by 90, or one 
might be off by —30 and the other by —4.0, and the constant difference 
would be the same. 

Analyzing errors in different kinds of radars. One of the most use- 
ful applications of tlicsc tccl>niqiie.s is an extension of the problem we 
have just dealt with. It involves the simultaneous determination of 
the variable error of three different radars, each ranging on ideidical 
targets which are at uiiknown distances. By using ciiuation 18 three 
times, it is possible to sot up three simultaneous eciiiutions: 

<rKi-K2 = 

<r,a-R, = [<r\ + 


( 22 ) 

(23) 
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An Industrial Ecrample 

Thvi quantities to the left of the equal signs are the only ones known, 
but there are tlirce equations i.o solve for throe unknowns: cr^^, and 
(T.j. Needless to say, the pr()l)lem is easily solved when set up in this 
fashioiL 

Notice in this cxanqdc that it is no longer necessary to make any 
assumptions abo\it tlic variable errors of any of the radars. When 
only two radars are used, it is necessary that they be the same kind 
of radar, and it is also necessary to assume that the variable errors 
of the two radars arc of the same order of magnitude (equation 19). 
Neither of these conditions must be met when three or more radars 
are used. 

Measuring the error of target simulators. The solution to the three- 
raclar lU’oblcni also provides a solution to the problem of estimating 
the magnitude of tlic error oinitributod by a target generator of some 
sort. If two radars arc operated from the same target generator, we 
can use the same kinds of simultaneous equations as 22, 23, and 24. 
The only difTercnce is tliat the I'ange set into the target generator is 
substituted for the range reported from one of the radars. Thus, if 
we let Rq represent the range set into the generator, the equations are: 




(25) 


y ta + 

(2G) 


y.,+y.]^ 

(27) 


Even though we liave referred frequently to radar in the last fow 
])ages, you should realize that these equations can be used for other 
kinds of problems. Grubbs ^ and Simon,* for example, used e(] nations 
like 22, 23, and 24 to solve a problem dealing with the measurement of 
fuse -burning times for ammunition. They found, incidentally, that 
observers with stop watches can be safely used to time fuses. Even 
though human reaction times vary from moment to moment, the vari- 
ance in reaction time was much less than the variance of fuse-burning 
times so tluit wbat might appear to l)e a crude measuring technique 
was perfectly adequate for ilie job. Once you get the idea about how 
tlieso equations work, you .should be able to think up still other appli- 
cations from your own ex])ei‘icnce. 

An Industrial Examiu^e 

In the raflar cxaini)lcs that wc have used so far, the analysis was 
fairly simple because we had as many errors for radar 1 and opor- 
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ator 1 as we had for radar 2 and operaU>r 2. TL is siili possible to iipi)ly 
these trHinicjucs to problems in which the niiiniM‘rs of errors from dif- 
ferent aouiTcs are not identienl, us they were in the radar examples* 
These actually are the kinds of situations most frequently found in 
industrial apjdieatifms. Let us illustrate how tliis teehnicpie works. 
As we explain this illusirutioii, notice that we shall be computing' the 
variance due to certain constant crroi's and certain varial)le ('rrors. 

Experimenting on a production process. Let us supjmse that our 
industrial statistician was interested in analyzinp; in ^reutc'i* detail the 
sources of error in the busliing data given in Table 1 . Let us suppose, 
fin’ther, that the bushings that lie sampled in the production lino wore 
manufactured by five ilift’crcnt machines. In order to jiorform his cx- 
porimont ^Yil■hout interfering witli production, lie assigned four differ- 
ent workers to turn out ten busliings each on each machine. He then 
tagged each bushing so that he could tell which bushing was made by 

Table 7. Snows Wmea of Five Macjilvios ani^ Waicii of Koiiit Woukuus 
Made the 40 JiiisiiiNaH IjIbtkd in Taiile 1 


BuslniiK 

inoasiH’cnion t 

Mn(4un(! 

Operator 

Busliing 

niofusiircMnoiil 

MachiiK’ 

Oporatnr 

2.0039 

1 

B 

2.0001 

1 

}) 

2.0014 

4 

B 

2.0019 

1 

B 

1.0980 

3 

A 

1,9997 

f) 

A 

2, mm 


C 

1 .9992 

5 

D 

1.9973 

2 

A 

2.0035 

2 

B 

1.9090 

1 

D 

1.9998 

4 

1) 

2.0010 

5 

li 

1 .9998 

5 

0 

1.0909 

( 

I) 

2.0012 

4 

a 

2.0003 

2 

D 

2.0019 

2 

a 

2,0037 

2 

n 

K998I 

3 

u 

2.0021 

3 

n 

2.0007 

4 

a 

2.0000 

5 

B 

2.0000 

5 

A 

1 .9070 

2 

A 

2.0001 

5 

a 

1.9978 

3 

D 

1.90S3 

3 

A 

2.0000 

2 

D 

2.0023 

3 

a 

1 .9943 

1 

.*1 

2.0015 

2 

a 

1 .9093 

4 

A 

1 .9975 

5 

D 

2.0010 

4 

B 

2,0030 

3 

a 

J.9970 

1 

A 

1 .9991 

4 

A 

2,0005 

1 

C 

2,0018 

3 

B 


which worker and on what machine. This information for the first 
40 bushings in Table 1 is shown in Table 7, Thus, the first bushing, 
which had an outside diameter of 2.0039 inches, was made on mu- 
ehine 1 when it was run by operator 73, and so ou* We have used only 
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tho rirnl, ‘10 hushin^s in order not to get involved with too many niini- 
bors. 

Arranging the data, AVe oan now rearrange the data in a more usa- 
ble form ns shown in Table S. Hero, I be inaeliines are lisicrl aeross the 


'rAHLH 8. Tnn Hauk Data as in Tasuo 7 lurr ItHAiiuANiJiin su That Tin^iV Auk 

IOasiioh to WoiiK With 


OjUTll- 

tw 

Machine 

2 j 

M 

1 

1 

1 

2 

1 

3 

4 

' 1 

6 

A 

1.9m 

.1/ = 1, 90565 
SU = 1.99H02 

1.9973 

1.9970 

M = 1.90745 
Afc = 1.99903 

1,9980 

1.9983 

M ^ 1,99815 

1,9993 

1.9091 

M = 1. nilOL'O 
Me - 2.00118 

1,9997 

2,(KK)0 

M =: 1,99985 
= 2.90250 

1 

111.9800 

1.911860 

n 

2.0039 

2.0040 

M ^ 2.00140 
Me = 2.00238 

2.0037 

2.0035 

M = 2.00360 
Me - 2,00079 

2.0021 

2.0018 

M = 2.00196 
Me =■ 1.09977 

2.0014 

2.0016 

M = 2.001.59 
Me = 1.99900 

2.0010 

2.0000 

M ^ 2,90080 
Mo = 1.99900 

20.0245 

2.00245 


2.O0D0 

2.0010 

2.0023 

2.0012 

1.9998 

20.0110 

O OQI ]{j 

n 

2.0005 

2.0015 

2,0030 

2.0007 

2.0901 



O 

M ^ 2.00025 

M = 2.00170 

M ^ 2.00205 

M - 2.00005 

ilf - 1.99995 




1.99U58 

A/<; ^ 2.00024 

Me - 2.00182 

Me - 1.99080 

Mo - 1.99950 




1.0990 

2.0003 

1 . 9078 

2.0001 

1.0992 

19.9920 . 

1,09929 


1.90D9 

2.0000 

1.90BI 1 

1.9998 

1.9075 

1 


D 









M = 1.D9075 

M 2.00045 

M = 1,00795 

M = 1.90995 

M = 1.99835 




Me = 2.00089 

Me = 2.00080 

Mc^ 1,90893 

Me ^ 2.06070 

Me = 1.911677 



V 

16.0001 

10.0064 

10.0014 

10.0032 

15.9979 

80.00 DO ' 


M 

2.00001 

2.00080' 

2.00018 

2.00040 

1,99974 


2.00022 


top of the tabic and the oi^orators along the sides, and the bushings 
that wore manufaetured i)y each machine and each operator arc sliown 
in tlie table. Nijtice that, althongh we do not have the same innnbcv 
of operators as machines, this is a symmetrical set of data nonetheless. 
It is symmetrical in the sense that wc have a sample of t\vo bushings 
made b}’’ each worker on each machine, 

Total variance, Let us see now Avhat variances we can calculate for 
this set of data. First, we can calculate the total variance for the 
entire set of 40 bushings. This is the for the 40 ineasiiroments in 
Table 7 or in Table 8. If you calculate this value you will find that it 
is equal to 0.000,004,45. 
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MacMne variahiUii/. Next we euii eulculHio (lie variance between 
inacbines. This is ilmie l^y eaUnibiiin)!; llie vavinuee of the uvevuges of 
tlie eight hushing nicasiimiien(.s made on nutehiues 1, 2, ,‘b and 5; 
that is> by raletdating ir for the vuIik's 2.00001, 2.000S0, 2,00018, 
2.00040, and 1.09074. ddiis vni'iunce turns nui. to i)e ().()()(b0()(), 12, and 
it is only a very small fniotion of the total varianee ( or 2 per- 
eeutl. Now stop uucl think about what this nuains. lliis is (4u' vari- 
anee betwcon tlu' nverngo hushing sizes wo get when the laishings are 
made l:>y differenl machines. Since it is small, wc can be fairly mxc 
that, on the average, difforont machines will produce bushings of veiy 
nearly the same si;5c when the machines are operated l)y difCcronfc 
people. 

Operator dijjerences. Wo can now calculate the varianee l)etwcpn 
operators in exactly the same \vay> This is done by coini>uting <r for 
the nverago>s 1.99800, 2.00245, 2.00110, and 1.09921). ft is ef|ual to 
0.000,002,82 and is a little m<n^c than half the tt»tal variance in this 
set of data (“^7^.15 - 03 percent). This means that Mhmv are some 
large consistent difrercnce.s between Lh(3 sir.<‘s of bushings made by the 
four workers, oven tliough tlioy used the same maehines. This is easy 
to check by looking at tlio sizes {)f the 10 bushings made by operators 
A and B, f<u* example. Rven though Ix^th men used (he same nuv- 
chines, every bushing made l)y B was larger than the larg(\st bushings 
made by A, Notice, incidentally, that those large diflcrences l)etwcon 
the results turned out by the men are indientiems of constiint eri'or.s. 

We can see now why this industi’ial statistician had oaeh woi'kiu’ use 
every maohino. If each man had used a dilTcrcnt ma(4iine and only 
one inaciiinc, we could init be sure wlicther differences in the sizes of 
bushings were due U\ the miiehincs or the n^en. If, for example, wc 
had only the flata for operator A on machine 1 and for o))erator B on 
machine 2, \vc would find a big difference bet'W'oen the average sizes 
of the busiiiiigs made — 1.99565 as compared with 2.00360. But only 
when wc have each man use each machine do wc find that this dis- 
crepancy is due to largo differences between the men and not to dif- 
ferences between the nmchines. 

Interaction variances. The third kind of variance wc can cinnputc 
for the data in Table 8 is a little harder to understand. It is the vari- 
ance between the average sizes of bushings made by each man on each 
nmclunc when these averages arc con-ected for tiio dilfercncos between 
men and foi’ the dilTercnces between inaclnnes, In order to correct 
for the differences l^etweon men, note that operator Ay mi the average, 
produced liiishiugs 0.00210 inch smaller tluin the average size of all 
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bushings made (2.00022 — 1.09806). This is another way of saying 
that A has a constant error of —0.00216 inch, Similarly, B made his 
bushings 0.00223 inch larger than the average (2.00245 — 2.00022); 
and so on. Wc can correct for these {lifferenoes between the men by 
adding 0.0021 (> to all of A’s averages, subtracting 0.00223 from all of 
/J’s averages, and so on. These corrections arc corrections for the 
constant errors of the different men. 

In a similar manner we can correct for tiic differences between 
machines by adding 0.00021 to all the averages for machine 1, sub- 
tracting 0.00058 from all the averages for machine 2, and so on. Wc 
add 0.00021 to all of the averages for machine 1 liecausc this machine^ 
on tlie average, tended to make bushings 0.00021 inch too small 
(2.00022 — 2.00001). This correction process means that vve arc cor- 
recting for the constant errors of tlie machines. 

The results of tliis double con-ection are shown by the values in 
Table S. Thus, tlie value of 1.99S02 for operator A on machine 1 is 
equal to 1.99565 + 0.00216 + 0.00021, Tlie value of 1.09903 for oper- 
ator A on machine 2 is equal to 1.99715 -h 0.00216 — 0.00058, am\ 
so on. 

If cacli operator behaved c.vactly the same on every macliine, all 
the Me values in tlie iahh? would l)e ahiKj.st exactly tlic same. If each 
operator behaved differently on every machine, timn the variance of 
the Mr values would he large. In this example it Lurn.s out to bo 
0.000,001,33 and so accounts for nearly 30 percent fhe 

total variance. Let us look more closely into what is happening here. 
Note that the smallest bushings made by A were made on machine 1, 
the next larger ones were made when he used machine 2, the next 
larger on machine 3, the next on machine 4, and the largest on machine 
6, Now look at /i’s record. The sizes of the bushing.s he made on the 
dilTcrent machines ai‘e exactly in the rc'^Trse order from B made 
his largest bushings on machine 1 and his smallest ones on machine 5. 
These inconsistencies in the way operators produce on different ma- 
chines is known as an wteraction. 

What niahes interactions? The results of a statistical analysis like 
this tell the statistician that there is an interaction in the data, but 
they do not tell him why the interaction is thei'o. binding out the 
]’eason for an interaction depends on how keen the experimenter is in 
imdcrsianding the work process. l''o show yo\i the kinds of things 
that make interactions, we shall cite only one example. It does not 
necessarily explain the data in Table 8, hut it will show what could 
make an interaction. 



The Use of Sinlistics 

Lcfc iis suppose that the working iiroas on tlio five luncliinos were iiL 
(lifferoiil. iioights from the floor, s;iy -Id indies lor 1, ']•! indies ior 2, 
'J2 indies for 3, 40 indies for t, and 3S indies for intieliine 5. Now 
Id. us further suiiposo that A is very short and /i is very tall. You 
ean easily inia();ino liow a tall iiiau oiieratiiiK Hie highest machine 
might get dillereiit results Iroiii those of a short man oiierating the 
same nuidiiuc. When \vc come to the lowest machine, on the other 
hand, it is easy to sec how we emilil find a reversal in the kinds of 
results the two iiicii turn out. Kactors like these which make it easier 
for some jicojile to operate some macliines and not others are what 
jirodiiec interactions. 

Hesidwil earianre. The last kind of variance we can cnmpnf,c for 
the (lata in Table 8 is the average variance between bushings made 
by the same man on the same mndiinc. The two bushings with diam- 
eters of f.9943 and 1.9970 indies fall into this dassifical ion— they 
were both made by A on niacliinc 1. The bushings with diamefci's of 
1.9973 and 1.9970 were both made by A on machine 2. The bushings 
that arc 2.0039 and 2,0049 inches in size wore hotli inado by B on 
machine 1, and so on. To get the residual variance cominvto the vari- 
ance between each sindi pair of hiisliing sizes, and take the average 
of these 20 variances. It turns out to be 0.000, 000, 17 in this example. 
Since it is so small — it accounhs for only 4 imreent of the total vari- 
ance — wc can eonolude that there are only very slight difforonces be- 
Iwcen bushings made by any one man on any one macliinc. 

The residual variance gets its nuinc because it is the variance left 
ill our dill a when we have taken out all the nrciuuiigful vaviauecs wo 
can think of. Notice that wo could liavc gotten it by subtracting from 
the total variance, the variance between madiines, hotweon ojK'rators, 
and the interaction. Thus; 

0.000,004,45 (total) 

— 0.000,000, J 3 (lictweon miichine.s) 

— 0.000,002,82 (between operators) 

— 0.000,00 1,33 (interaction) 

= 0.000,000,17 (residual) 

Stmmanj of analysts of variance. We imve now aceoiinted fur all 
the variance in oiir data and arc in a position to smnmarizo what it all 
means. Most of the variation in the size's of tlic.se 40 hii-sliings can 
be traced to (liflorenccs between the sizes of bushings made by dilTer- 
ont men. The next largest source of variation arises from tlio inter- 
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ftcticm, which means tlml ciiffcrcnl operators did not get the same re- 
sults on (lilTercnt machines. The differences between tlie average si;5es 
of Imshings made by different machines arc very small when these 
machines were; oj:)cratcd by the four w(jrkcrs. And, finally, bushings 
differ very lilUc in size if they were made by any one man on any one 
machine. 

In actual practice, the statistician would also go on to apply tests 
of statistical significance to the variances he computed. Tiiis takes us 
beyond tlie scope of this chai;)tcr, liowcvcr, and the interested reader 
is referred to the statistical texts mentioned in Chapter 2 for details 
of Uns pvomKne. 

At any rate, the course open to the experimenter is now clear. If 
lie wants to reduce the vanalulity of the bushings made, ho must find 
some way of eliminating differences between the kinds of work differ- 
ent men do. Adjusting each machine to each man’s peculiar work 
habits, that is, correcting fia’ his constant error, is probably tlic sim- 
plest ^Yay of doing this. Training the men to ^York to a more uniform 
standard might be another way. And, finally, instituting more acle- 
cpiato cliccks on tlie inanufncluring procos.s or making this stage of the 
process more automatic miglit also help reduce thc.sc differences. 

Furthermore, the experimenter should try to track down and correct 
whatever it is about tlie niacluncs that makes different men operate 
them differently. 

SUMMARY 

111 this chapter we have tried to show how statistical tecimiqiics 
can bo applied to the analysis of complex man-machine systems. We 
first developed some ideas about kinds of errors and their relative im- 
portaneo. We saw huw errors combined and accinmdatcd in complex 
man-machine systems. And, finally, we had a brief look at how this 
information about the accumulation of errors enables us to analj^zc 
sources of error and their relative contributions to nian-niachino sys- 
tems. This has been only a very brief introduction to these interest- 
ing methods, but we must leave them now to inquire into some practi- 
cal findings Avhich these iechniques have yielded. 
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How We See 


THAT COMPLICATED MECPIANISAf, MAK, NERDS AND USES HIS EYES AS HIS 
major souitu of contact with liis environment. The eye furnishes him 
with his primary means of knowing things, of finding his way about 
in life. And if man gets himself involvcil as a functioning pari of a 
man-machino system, liis effectiveness is very often determined en- 
tirely by the acuity and efficiency witli which he can use his eyes. We 
can document that point very easily. 

Take radar, for example. We are told tliat radar is the eyes of the 
fleet. But radar never secs. It is man ayUo sees. If his eyes fail at 
a critical time, because Uicy either arc inherently jioor or are placed 
at an undue disadvantage by poorly designed cquijniicnt, then radar 
fails, the ship fails, the mission fails. And, again, iinnk of the de- 
mands imposed on the eyes of the pilot who is ^'flying blind/* In spite 
of its name, this job is primarily a visual one. 

Problems in vmo7i. You can sec without our bclal^oring the point 
further that visual problems arc numerous and crucial in man-macliiiie 
systems. How large should we make the markings on a dial? How 
should dial.s and indicators be illuminated? How can we employ the 
eye so as to get the most information from it at night? These arc 
simple-sounding questions, but their answers have far-reaching prac- 
tical implications. To deal adequately with these and a doxen similar 
questions we will need to examine systematically the eye and the way 
it works. That is our job in this chapter. 

WHAT WE SEE 

Colors and How Wr Measure Them 

Radmui energy. It is now generally understood oven by lay people 
that wo sec things either because they emit radiant energy or l)ec{LUsc 
radiant energy is reflected from them. The energy that our eyes are 
sensilivo to is composed of electromagnetic radiations iiroduccd l)y 
electric charges moving through space at a very fast clip (roughly 

07 
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I8B/J00 miles per second). A]thoiip;li ibeiv is not eoinpicto agroemont 
among theoretical physicisls nhoiit tlio exact iialuro of ra<liaiit energy, 
it is conventional to talk about it us iluaigh it ii’uveled iti a wave fonii. 
One fitiulamcntal way of measuring radiant i‘nergy is to measure the 
distance from jndse to )>ulsc of tiio v\l>vaUvn\, that is, the wavelength 
of the radiation. These wavelengths cover an enormous r/ingc, from 
ton trillionths of an iiudi (tin; cosmic rays) to many nnles in length 
(Figure IG). As fur as we eaii tell, all of tljem are tiie same kind of 
radiation plij^sically. They dilTer only in lengtli. 


Wavelength in meters 



400 500 600 700 

Wavelength in millimicrons 


Fro. 15. Tli(> elreirojuiigncliii and visiljh' .s|H'i'lrti. Do not faki' llu' labels too 
.srnoiisly. cni'i’gv waves arc all l(a‘ sana^ - lliry dirtcr only in h'ligtlu 

Aiiinally, it is hard to say, for oxuniplc, (exactly wheaxj ullravt< N-t rays leave ofT 
and visible light begins. IVoplt' disiii^ree also ahont tlic ])i'eeise loral.ioii of t.lio 
difTcrent colors in the* visihln Hix'clnun, 

Light ircivcs. Somewhere in the middle of tliis spec! nun, between 
l(i aiul 32 millionths of an inch in length (Figure 15), are the ra<lia- 
tions we can sec. These visible radiant energy waves arc called light 
waves. Isaac Newton discovered in 1000 that if you pass a beam of 
sunlight through a triangular glass pristn you get ti wide btind of dilTer- 
ent colors. He also surmised correctly that the reason this hai^iioncd 
was that the prism broke up the white light inl.o its different wave- 
lengths,, In fact, it is from a spectrum such as this that the wave- 
lengths of light can he measui'od. Wo novcM* see Avavelonglrhs directly, 
but they can be computed from ]>hysicnl measurements, Tf we look 
at radiation that has only one wavelength in it, we wij] scif a color— 
one of roughly 150 diltevont idenUriable im>U)VS in the j^poclv\m\. Wc 
do not have names for all these different eohws, l)ut some of tl)e more 
familiar colors we can see in the spectrum are sliown in Jf'igure 15. 
Tnght waves are commonly measured in millimicrons (m/x), or Ang- 
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strom units (A). Alihoiigl) we shall use only the former measure in 
this hook, this equation shows how the two are related: 

1 iH/i. = 10 A = 10'^ meters 

Relative s'pectrum energy curves. We see things whenever light 
waves come from the objects wc arc looking at. The ligiit waves may 
be generated in the objects, if they are seif-luniinous like the sun or 
lamps, or may be reflected from the objects, if they are not self-luini- 



Fio. 16. Relative amouiils of energy at various wavelengths in tlie light coming 
from a lemon and a tomato when they are seen in white light. 

nous like grass or cloth. In coming from the objcci to our eyes^ the 
light waves may also he modified if tlicy pass through filters — like 
sunglasses, air with dust in it, or water. But regardless of where the 
light comes from in the beginning or ho^v it is changed in the mean- 
time, wc can see something only if light comes from it and gets into 
our eyes. 

Most of the light wc see coming from objects has more than one 
single wavelength in it. And, of course, the intensity of the light may 
be different for different objects or for different wavelengths coming 
from the same object. One way of describing the light which conics 
from an object is to show the relative aint)unt of energy at the various 
wavelengths in the bundle of light. When thi.s type of information is 
presented graphically, wc call it a relative energy spectrum. Figure 16 
shows two such spectra, one for a lemon and the otlicr for a tomato, 
when they are iliumiiuitcd with white light (actually illuminant C 
which wc shall discuss later). 

There arc several kinds of spectrum curves that wc may encounter 
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ill visual work. >SiK'{’tral emission oiirves, for example, U‘!l us iho rela- 
tive anioiinlj of eia'rgy nt the various ivavelciigilis in rays eoniin^ 
from ii luininous obj('et. SpcclTal IrunsmiHsion curves lell the rclatlvo 
amounts of ciiorgj'^ at various wavelengths that will juiss through trails- 
pavout ohjeeis. And Hpeeival ve (lee lane e. eAivves give the relative 
amounts of energy at various waveleiigihs tliat will he rc'diMded by 
objects. These curves are v(?ry important in desea’ihing objects in 
jibysical terms, aiul they may he combined in various ways. M'o com- 
pute the relative energy spcctniiii for the lemon in l^'igure 10, for ex- 
amplo, we had to multiply a spectral omisskm cvivve far while light by 
ti spectral relleciance curve for lemon skin. In terms of what we see, 
however, the really important thing to know is tlic relalivu energy 
spectrum for the light that fnmlly gets into our eye. 

The eye is an iutegrator. The eye, fortunately or unfortunately, 
however we look at the problem, canntil rosulve tliff event ^Yavolengtbs 
when they are combined in a ray of light. No matter how conuilex 
the combination of wavelengths in a light heam, the eye always sees 
one color. It is an integrating ineelmnism rather than an analy//ing 
one. If you look at a small section of lemon fc>kin, for examjile, you 
do not see the blue, blnc-green, green, orange, and red wiwolengtlis 
wliich are Iieing rellectod — ^yoii only sec yellow. Figure 17 shows five 
different combinations of light waves that look exactly the same to 
the eye. The upjiermost figure, for cxumi)le, shows a Hi)ectrum that 
contains equal amounts of all the visible wavelengths — an equal- 
energy spcetrinn. The second chart shows two single wavclengUis, 
which, when combined in the ratio of 1 to 0.78, jiroduce exactly the 
same visual sensation as the eQiial-cncrgy spectrum. The same is true 
for all of the other combinations shown in Figure 17. JCven though 
the Gomhinalioii of wavelengtlis dilTors markedly in all eases, the color 
the eye sees for each of the five cases is exactly the same — very nearly 
white. 

Color mu:litres. The fact that the eye is an integrating mechanism 
actually makes the prt)l)lcm of specifying color a lot easier. It was 
discovered a long time ago tlmfc every color we see around us cun he 
matched ))y a mixture of three colored lights — rod, green, and blue. 
This is very convenient because, if we want to specify tl»c color of an 
object, all ^Yc have to do is fiiul out Ikuv much (d a slaudurd ivaI, how 
much of a standard green, and how much of a standard ))liio have to 
be mixed together in order to match the unknown color. This infor- 
mation can then bo jnit on a chart so that any one color can bo com- 
pared with any other. 8ue(i a chart, shown in Figure 18, is called a 
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clu'oinaticily tliagraiu. Tliis one was standardized l)y the Interna- 
tional Comniission on Illuinination in 1931. The red, green, and blue 
liglits that were stanciartlized by tlie Comiui.ssion are mathematically 
defined .so that they arc easy t(> work with. You will never see these 
standard colors, but that is no liandieap .since it is easy to convert from 



Wavelength in millimicrons 

Y\i\, 17. AU fvve com\nn5\tions of shown hovo look c-xactly ftUkc to 

Uio oyo — very nearly white. This is tin ilhistratioii of the fact Unit the aye is an 
ilitegnUing met'hanism rather than an analyzing one. (After Moon, 1936) 

inixiiiros made 'wdth any set of colors to mixtures made with these 
standard ones. 

It turns out, furthermore, that we need only two dimensions on this 
chart to iiortray all of tlic colors. The reason is this: The amount of 
green, red, and blue which are mixed to match any color add up to 
1,00 — or 100 percent. This means that if we know the amount of red 
and the amount of green in a mixture we can find the amount of blue 
by subti'acting these amounts from 1. It would take us far l)cyond 
the scope of this chapter to explain precisely how visual scientists go 
about computing the position of a color on a chart like this from spec- 
tral emission, transmission, and I’eflcctance data — either singly or in 
coinbinution. These procedures, however, have all been worked out 
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so that tliey prctly iiiooluinioHl and rontiiK?. 1? you cycv l\avo tho 
job of figiirin^^ out the color sjK'cificutionR for a light or for a colored 
surface, road TIardy’*s Handbook oj ('olorinwlru; the U^(dnii(|ue.s for 
working out Uu* color spcoilicatioiis are all given there in sinij)le clear 
language, 



Fia. 18. This is a ahromaiicity diagniiu for ploUing dolors iu (.(M'iuk of the amount- 
of a stuiulnicl rad, gi-oRU. and Mun Uiiil, will inu(.cli (hem. Tin- po.silion of the 
speetium eolors is Miuwn l-y DuM-oimhly l.riniiKiilar figure. 'I'Im! i>im-sl (ndnra wo 
cun get 'sviUi printing inlcs aro also si town iu*i'o. 

-The s))ccfru'm colors. Notice whoi'c Uic different oolcn-s arc plotted 
in Pigiue 18. Ihc location of all the spcotruin (’oloas is shown by the 
loughly triangular (survo. ^'he innnbcrs along this curve arc wave- 
lengths. Since the spectrum colors arc the inirost we can ever fiml, 
all other colors we see fall somewhere inside this boundary. As a 
general rule, it is iiiucli ea-sicr to get inire colors witli lights than with 
paints, inks, or dyes. The irrogulur-sliapeii line-labeled P7— near 
the center of Figure 18 shows about the purest colors wc can get with 
commercial printing inks. 
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What white** is. As we liave already seen, white is a mixture of 
all of the colors. It can be matched by very nearly equal proportions 
of red, green, and blue am! should he located somewhere near the 
cenler of this chart. But white turns out to be a fairly hard color 
to define. Most people will say that a Mazda lamp ’gives off white 
light, even thvmgh it is actually quite yellowish. Even daylight varies 
a lot in color: It tends to be a little reddish in the morning and eve- 
ning, it Agarics a lot dci)cnding on how many clouds tlierc are in the 
sky, and so on. The International Commission on Illumination has 
arbitrarily defined several “wliites^^ and tlie one wc have plotted in 
Figure 18 is illumiiiant C, This is about the kind of light wc get from 
the summer sky wlion the air is clear, there are no clouds, and the 
sun is high. Incidentally, the point E show.s tlio color of all those 
different wavelength combinations in Figure 17, It is just a shade 
more yellowish than illuminant C. 

The use of the K'l dkiijram. A chroinaticity diagram is very u.seful 
because it cnal)les the scientist to tell a lot about how a color looks, 
He can tell right away that, if a color is far out to the right, it looks 
reddish. If the color is high on the chart, it looks greenish. If the 
color is near the lower left-hand corner, it does not have much red or 
green and so looks bluish. If a color is near the straight line running 
from 380 mfx to 780 m/.i, it will look purple. We cannot find jmrple 
in the spectrum — it is actually a mixture of red and blue. That is 
why there are no numbers along that straight line. 

Now let us look at something else this chart tells us. We have 
l)lotted in Figure 18 the colors of the tomato and the lemon which 
have ilie spectrum curves shown in Figure 16. First, let lus draw a 
straight line from white through the point for the tomato color until 
it joins the spectrum line. The straight line intersects the spectrum line 
at point S — which corresponds rouglily to 596 mfi. This means that if 
you look at this tomato under white light (illuminant C light) it will 
have the same color as a wavelength of 596 m/x — roughly orange. 

Colorimetric pimty. The distance of T along the line IFS tells us 
how pure the color of the tomato is. The closer it is to S, the purer 
the color; the closer it is to T7, the more washed out the color is. This 
is a measure of the colorimetric purity of the color; visual scientists 
refer to pure colors as saturated colors, to the washed-out ones as do- 
sa turn ted. Since T is about 0.64 of the way along the line WS (the 
length of the line WT divided by the length of the line TfS), the color 
of ouv tomato is only niodevatcly pure. Here is another interesting 
thing this computation tells us: Wc can also match the color of our 
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tomato by mixing' (M parts of pure 596 lU/i li^lit witti 36 paiis of white. 

We have also ploUe<l llu! Ineutioii of llie eolor of our lemon in Vi^ure 
18. You eun woe that tins lcinon> viewed under white li^ht, haw about 
the same color aw waveleiif^th 577 almost ])ure sodium yellow-- 
and llial it is niodc'rately saturated. 

Another thing wc might niontion is that we can plot on this <‘iuirt 
exactly how the tomato or lemon would look under any other kind 
of light — a Ma/Alti lamp, for exam)ile. Finally, if wo wish to find (mt 
what .colors we can get hy mixing any two colored liglitw at all — say 
500 and 560 ny— all we need to do is draw a straight liiui between 
those; two points on the cliarl. That .straight line will show all tlic 
possible eolor com hi nations wc can get from mixtures of these two 
colors. So, all in all, this chart is a highly usotul way of referring to 
the colors of liglifcs or objects. 

Amount ok Light 

Photomelrfj, When we have located the color of a light or object 
on a chroniaticity diagram sucli us that sliown in Figure^ 18, wo luive 
specified the color of it in terms of how it will look to (he eye — as a 
color. But there is still aiiothor respect in which wo must dcserihe it. 
This is in (erms of the total annumt of light in it. We eo\iUl imve iwo 
reds, for example, which have exactly tlie sanu; color, hut (me might 
be brighter than the other. It is possi])lo to nu^asure the amount of 
light hy umosuriug either the lummut of physical euc'rgy in the light 
or the effectiveness of that light iu prodiufing a visual 4 sensation. The 
latter kind of nic;asurc is called a pliolometric luoasure and is the one 
most cumiiionly used in visual work. It is more meaningful hocause 
it tells us how the physical energy is going to affect the eye— that is, 
how bright it will look. As wo shall see later, we measure brightness 
or intensity in tcu’ins of its effect on the (^yc because (mergy at (li/rcrent 
wavelengths does not j)roducc the same amount of brightness. 

Intensity. Iherc arc three ways <d looking at this problem of moas- 
uring the amount of light. You might want to know the total amount 
of light coming from a luminous object, the amount of light falling on 
an object, or the amount of light coming from an object whicli roflGcts 
light, that is, is not luminous. If wc; are talking about ttio intensity of 
a small point of light a hnniiioiis object — ^it i.s u.sual to refer to it 
in toims of candles, A candle is an arbitrarily dofiiUHl jdiotoiuctrio 
unit which is standardi/.ed by the national Inborutorios of most major 
countries. A stand avd candle is maintained at Iho National Bureau of 
Standards in Washington, for example, and if you wanted to mcasuro 
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the intensity of an unknown light source you could compare it with 
that standard candle — oi- with other standards which had been cali- 
brated at the National Bureau of 8tanc lards. If our unknown light 
source is twice as bright as the standard candle, it has an intensity of 
two candles. If it is half as intense as the standard candle, it has an 
intensity of one-luilf candle. 

ZUuaiinah‘o?i. The second kind of photometric measure is the foot- 
candle, which measures the auioimt of light falling onto a surface, A 
one-candle source delivers one foot-candic of illumination on a surface 
when the surface is at a distance of one foot. Since we shall use the 
term “mile-candlc^^ later, we might explain that a luilc-candle is the 
amount of illumination falling on a surface that is a mile away from 
a onc-candlc light. That is a very low order of illumination indeed. 

An 8-canflle source giA^es twice as much illumination as a 4-candIe 
source and four times as much illumination as a 2-caiidle source. This 
information can be put into a generalization: The illumination falling 
on a surface is directly |)roportional to the intensity of the light source. 

Another characteristic of illuininatioii is that, if we move a surface 
twice as far away from a light, it will get one quarter as much illumi- 
nation. If wc move it thi*ec times as far away, it will get one ninth as 
much illumination. This forms the second part of the rule: The il- 
lumination on a surface is inversely proportional to the square of the 
distance between the surface and the light. 

Brightuesa, The third kind of measure in photometry is the meas- 
ure of brightness. Briglitncss is the amount of liglit coming back from 
a reflecting surface. You can readily see that this is a different kind 
of measure from illumination. Even though we may liave an even 
amount of light falling onto the surface of a desk, the amount of light 
that comes back from different objects on the desk will vary greatly. 
The amount of light which will be reflected from a piece of blacdc paper 
will be very small; the amount of liglit coming back from the white 
page of this book will be considerably greater. This is another way of 
saying that these two surfaces differ in brightness, A common unit of 
brightness is the apparent foot-candle. If we have a perfectly reflect- 
ing surface — a surface that reflects all the light that falls on. it — and 
put one foot-candle of illumination on it, this surface would have 
a brightness of one apparent foot-candlc. If wc have a surface that 
reflects 90 per cent of all the light that falls on it — ^^vhich is about as 
good as we can get with most wliite paper — then if wc put one foot- 
candle of illumination on this surface, it would have a brightness of 
0,9 apparent foot-candle. In short, if we want to measure the l)right- 
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noss of a siirfaac hi ^i])])ar(‘nli foot-aniHUas, wo iiiuh.i])ly the ilhiniina- 
tioi) on tho Horl’aco (in I’ooi-oandlos) by (lio ovi'rull rofk'oiauoo of iho 
surface. There are n groat inuny (liiTeronfc measures of briglitnoss, but 
tho apparent fool-oandlo (or foot-laiubert, abbreviated ft-L) and Uio 
inillilainbcM't (luF/) are tbe only two that wo shall use in this book. A 
mil Ul umber t iilinosl oxuetly o<puil to uu apiiaroiit Coot- caudle. The 
equation that shows how you can g(‘t from one to the other is 

inL = 1.07() fU; 

The spenficaiUm of light i^linudi, Tlic‘ conqdote spociliealioii of 
objects ycai sec involves a few oilier things we have not niontionod. 
They arc ratlier obvious, however, and do not neeil any spe<‘iHl dis(ais- 
sion. Hero is the list: (1) Wo need to specify the total pattern of 
light beams coming into tlie eye. This means that we have to describe 
the size and sluipo. oC oaoli Inuuogeueiuis light houni, A honiogeneuUvS 
light beam is one Hint has the same distribution of energy in every 
part of it. (2) We must specify the wavelength composition for eacli 
homogeneous beam {if light. We can do iliis by showing tiu; ndalive 
anioiinls of energy at each wavelengtii in tlie liglit, or' -what is more 
meaningful for our W(wk — by sjKici lying on a clironnitic'ity diugrnni 
how this conihiiiation of wavelengths will look (,o us as a color. (3) 
Wo need to sp(*cify the amount or iiUeiisity of light in ea(‘h homogene- 
ous light hcain. (^1) Wo noe<l to sjiecify the lengtli of time eaeh light 
beam is on. 


BASIC PKOBTTOMS OF VISTBTT.TTY 

Now that we know )iow to dcserilic the t/hings wc see, we will (lis- 
cuss two important visual functions: visibility aiul visual acuity. Visi- 
I)ility means recognizing the presence of a liglit or object without hav- 
ing to recognize its sliape or form. AVc might also cull it detectability. 
Visual acuity means that we alsf) have to recognize its form or shajie. 
When we look up in the sky and can just barely sec a blob which wc 
think is an airplane way off in the distaiiee, that is a case of visibility 
or detectability. When it gets close cnongli so that wc can see that it 
has two engines, that is visual acuity. Visual acuity and visibility are 
not two entirely separate vi.sual hnic lions, V/o must liavo visiliiiity 
boforo wc can Imvc visual acuity— visual acuity is just liigh order visi- 
bility. \Yc shall see later that the factors affecting visibility also 
affect visual acuity. But there are some differences. AVc can see 
something long before we can recognize it. Tn gcncM'al, tlierofore, wo 
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sliould expcfii curves for visilnlity to be somewhat lower than those 
for visual acuity. In addition, problems involving the recognition of 
lights arc almost entirely visibility ])rid)leins. Many visual experts 
will in’obably nob agree with our use of the term visibility^ but it seems 
to us that it best describes a num])er of the basic visual studies we 
want to talk about. 

Day and Night Vision 

Now lot us look at sonic interesting facts about the eye, From the 
slandpomt of its function, the visual apparatus may be considerert as 
two separate systems. One part ojicrates most efficiently in ordinary 
illuminations, such as those that prevail tlirmighout the clay and in 
normally lighted rooms at night. When tlie illumination is clecJ’cased 
to about the level of full moonlight, around 0.01 foot-candle, the other 
part of the eye takes over. 

Rods and cones. If we were to take off the front part of the eye 
and examine the inside with a microscope, wc would find that tlicre 
are two different kinds of nerve endings inside the eye. Anatomists 
and ])hysiologisls call these ^‘rods*^ and “cones,’^ The cones arc loimd 
densely packed in the central part of the eye, the fovea. Toward the 
edges, in all dircetions from the center, the density of the cones de- 
creases, and on)}'' a very few arc found in the extreme edges. Tlie 
rods, on the other hand, are entirely missing in the central part of the 
eye. Toward the edges in all directions, out to about 20 degrees fi’om 
the center, the density of tlie rods gradually increases. A lot of ex- 
perimental work points pretty conclusively to the cones as the nerve 
endings associated with daylight vision, and to the rods as fcljosc re- 
sponsible for night vision. Individual rods and cones differ in sensi- 
tivity, so that most types of nerve endings operate over a fairly wide 
range of illumination. In general, however, the rods do almost all the 
work at starlight levels of illumination, whereas vision in daylight 
is largely a function of the cones, 

i^ensitivity to light. The sensitivity of different parts of the eye to 
light is pretty much the same at daylight levels of illumination, A 
light seen out of the corner of the eye will look just as bright as when 
we look right at it. Tins .situation does not hold, however, in night- 
time condiUous. At night, the central part of the eye, the fovea, can- 
not see veiy dim lights hecuiusc there are no rods there. But as we 
go out 5, 10, and 15 degrees from the center, the eye becomes more and 
more sensitive to light. Figure 19 sliows the sensitivity of different 
parts of the eye at night. Zero degree represents vision in the direct 
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line of sight — looking straight alieiul. Tlio other iniinbors represent 
lights ^vlhch nro at vnvioiw angles from Huh slvuight'-ahead direetiou. 
Tlic nasal retina refers to Unit ]nivt of the eye tIuU' lies close (o the 
nose. Since JigJit rays cross over in entering the eye througli the hnis, 
light rays striking the nasal n‘tina originate from ohjec-is on the tein- 
])oral side of tlio body. To got down to m^lnal eases, if a light ray 
iiivikes tho nasal retina of the right eye, it n\ust leave cuvne from the 



Fig. 19. Tlie Konsilivii.y of (lifTt'miL jmris (jf ilin tyo a I, niglil. The soli^l lino 
n^pre.sonl.s aveniKo vahioa ohluiaed on 101 the f lolled Iuk'H give averugo 

valiK's II I us find uutui« two sraiulard deviutious. Nolo Ihul the uvemgt' eye is 
most fjensilivu to liglit alioiit 20 (Irgn^'S from Uio fovoa. (Afliu- Kloaii, 1017) 


right side c^f the body; if a Ug!\t ray stvik<'s the tcn^M>val half of the 
retina of the right eye, it must have come from the left side of tlm 
body. One other thing about lliis chart: a inmrolainbeii, gli, is one 
onc-thousaudth of a miIlilam))ort. A micr()inicr{)laml)ert is one one« 
millionth of a inicrolanibort. Hence, 1 10^^ inL, 

The data in Figure 19 were obtaiimd by Sloan on 101 subieots, 
ranging in age from 14 to 70 year.s. TIu’ho measoromonts were nuule 
with a 1 degree white tost Uglil. The solid line rc]n'esenl.s ilio aviu'- 
age llireHliold values for tlu) 101 subjeets, 'Pho dotted lines iiro the 
average values plus and minus two standard deviations. Note that 
tho eye is nmst seiisitivo— that is, it can see very dim lights-^at about 
20 degrees from the fovea. 

Spectral scihsitiintij. Another important difference between the rods 
and cones concerns their relative sensitivity to light fi’om dilTerent 
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parts tif llic spectriiiu. If wavolcjij'Uis ponlaining equal amounts of 
i’ailiaul energy arc viewed in dayliglil, they do not a))])ear equally 
bright. Red and blue will ajipenr dark, orange and green will appear 
intennediate in l)riglitne.s.s, and yellow-green will look brightest. This 
stale of alTains is .shown in Figui-c 20 Ijy the curve laljelcd “cone 
vision.” If we deeroase the overall intensity of the energy from the 
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Fiij. 20. Tlicsc curves show Uio roTaiivo visibility or lirijihliioss of difforonl. whvg- 
lengllis Unit have the samo amount of energy. Not ice tlml the eye ts relatively 
more, sensitive to longer wav(d(?ngUisi in daylight, that is, when the cones are 
working. At night, when the rods are working, the shorter wavelengths are rela- 
tively more visible, (After Trolaud, 1934) 

di ft event jnwts of the s])eetvum until only tl’io rods arc (uuctiomng, the 
visil)ility of Uic colors will be proi'jortional to the values given by tlie 
left-hand curve in this illustration — the one labeled ^'rod vision. 

The rod-cone shift. The practical importance of these data is that 
red and blue lights of equal size and intensity at cone levels of illumi- 
nation and at night do not remain equally bright as wo increase our 
distance from them. This happens because the amount of illumina- 
tion at the eye decreases and proportionally more rods become active. 
Violet, blue, and blue-green lights outlive other colors in visibility as 
tlie distance between the light source and observer incrGase.s at night. 
This effect is known as the Purkinjc phenomenon. The change in 
sensitivity of the eye to lights of different wavelengths is enormous 
and may amount to a factor of as much as 1,000. These facts were 
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especially useful during the wni\ and ilioy nccoinit for l.hc fact tliat 
violet, blue, and green light could l)o nmcli more readily deloctcd at 
night by a distnut enemy observer ^vhose eyes were dark-adaijted. 
lb‘d, orange, and yellow liglds, on (he otlu^r hand, arc not so easily 
delected at night by someone who is far away. 

Color omon at ni<ihL Aimtlu‘r iinporlant dilToreiiee ))etw<*ou the 
rods and the cones involves their sc^nsitivity to coloi' us color. True 
])(M‘c( 5 |)tjon of eolor is not ]K)ssii)lc with the rods, ns you can see for 
yourself if you (ry |.o d(‘lennino (lu^ colors of objects by starlight. It 
is possible io distinguish ladweeu light and dark colors at night only 
in terms of the amount of refle(‘ted or emitted light. Under these cir« 
cumstances all colors appear as u series of lighter or darker grays. 
Tn sliort, when the illimiination has been (loeroase<l to about that of 
half full inoonligld., it is iniposyihlo to tell colons as et)lors. If tlm 
brightness or ini.onsily of n color at nighl. is above the thre.shold for 
cone visiini, however, t!icn and only then can it be i)orceive(l as a true 
color, 

Many light-Rignaling* devices, liowevcr, ro(|uiro us to recognize tlio 
colons lighis, and it is worth asking if we can n^ueh any eonchisions 
about this problem. One obvious rule we can make now is this: AVlien- 
cver it is necessary Itt ideulify ctd<U’s in a signaling Hystem cnvrectly, 
the illuniinntion at the eye must bo considerably greater than is re- 
quired for merely lolling tlio presciico of the light. Another geiHM’ul 
rule is thai-, the more complicated tlio color system is, the higher must 
be the illimiination for each color. If wc must recognize three differ- 
ent colors in a light-signaling system, wc need moi'e light than wc 
woulfl for recognizing two colors. Tlio jiositivc identiflcaiion or recog- 
nition of four or five colors requires still more Uglil than is necessary 
for the identilioation of three colors. 

Recogyvilion oj colors. We shall cite here very briefly some interest- 
ing findings alamt the recognition of colored light signals which arc 
near the limit of visibility. The experiment wc want to tell you about 
was clone with u |)oint source of light, against a background about 
equal to a starlit sky, with exposures of 1% seconds, and with two 
intensities of light^one which produced 1 milc-candlc of illuniination 
at the eye, and another which produced 2 milc-candlcs. The obsojwers 
know where the light was and looked in that dircclion. Ov(;r 30,000 
observations were made with 73 colored lights which the observers Imil 
to identify as red, yellow, orange, white, green, or bliuj. 

Two results turned up early in the ex))eriniont; With small point 
sources of light wliich arc far away, it was impossible to tell the differ- 
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en(!C between hhie and green. The same was true for yellow and 
orange. Jlcd and green (or blue) were the easiest to recognize; thou 
came win to, and last yellow (or orange). 

Beoause these findings are pretty important for many kinds of sig- 
naling sy>stejns in avi?dion, railroading, nnd shif)|)ing, we have sum- 
marizetl a part of the data in Figure 21. The two intensities of light 



Fio, 21. Thirt chroniiilit’ily <llugnuTi hIio%v,s the he.st colons to use* i! wo want lo Ijo 
able lo recognize IhtJ colors of point sources of light used for signuling at niglil. 

(After Hill, im) 

gave pretty miicli tJ)c same result, and we Jjave sliown Jjere only the 
data for the 2 milc-camUc Ught» The double-hatched areas on this 
chart show those colors that could be correctly recognized 99 percent 
of the time. The single-hatched areas show those colors that could be 
recognized correctly 90 ]‘>orccnt of tlie time. Notice that there was no 
white light that could be recognized 99 percent of the time. Notice 
also that tiiere was no yellow or orange that could even be recognized 
90 percent of the time. In case you ever liave to who yellow, though, 
wc have drawn in the best yellows to use. These yellows could be 
recognized correctly 80 percent of the time. 

Dark adaptation. If you go suddenly from bright illumination into 
darkness, the eye is nut ready to go to work until it lias had time to 



80 


Him Wc See 


especially useful during the war, and they account for the fact tlmt 
violet, blue, and green light could ho nmcli more readily detected at 
night by a distant enemy obstTver whoso eyes were dark-adapted. 
I'^od, orange, and yellow lights, on the other hand, arc not so easily 
detected at night hy someone who ia far away, 

(^olor vhion at niijht. AhoUkt iin])ortant difference i)el\vcen the 
rods and the oimcs invi>lvcs their sensitivity to c(dor as color. True 
perception <d color is not possible witli the rods, ns you can see for 
yourself if you try lo determine the colors of objects by starlight. It 
is i)ossil)ie to distinguish between light and dark colors at night only 
in terms of the amount of reflected or emitted light. Under th(;.sc cir- 
cuimstances all colors appear as a series of lighter or darker grays. 
Til short, wl»en the illumination has been deercasod to about that of 
half full moonlight, it is impossible to tell colors as colors. If tlio 
brightness or intensity of a color at night is above the threshold for 
cone vision, Iiowcvoy, then and only then can it be iicvceived as u true 
color. 

Many liglil.-signaling devices, however, require us to recognize the 
colors of ligids, and it is worth asking if we can reach any conelusions 
alnmtthis problem, One obvious rule we can make now is this: \VlU‘n- 
ever it is necessary to identify colors in a signaling system correctly, 
the illumination at the eye must bo considerably greater than is re- 
quired for inorcly telling the presence of the light. Another general 
rule is tlmt, the more complicated the color system is, the higher must 
be the illumination for each color. If wo must recognize three differ- 
ent colors in a light-signaling system, wo need more light than wc 
would for recognizing two colors. The positive idontifioafcion or rcc(>g- 
nitioii of four or five colors requires still more light than is necessary 
for the identification of three colors. 

B-ecognition of colon. AVe shall cite here very briefly some interest- 
ing findings about the recognition of colored light signals which arc 
near the limit of visibility. The experiment we want to tell you about 
was done with a point source of light, against a background alioiit 
equal to a starlit sky, with exposures of V/y seconds, and with Iavo 
intensities of light — one which ])roduccd 1 niile-candlc of ilhiminaiion 
at the eye, and another which produced 2 mile-candles. Tlic olisorvors 
knew whore the liglit was and looked in tlmt direction. Over 30,000 
observations were made with 73 colored ligiits which the observers had 
to identify as red, yellow, onmgc, white, green, or blue. 

Two results turned up early in the experiment: AVith small point 
sources of light which are far away, it was impossible to toll the differ- 
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cnf.c between btuc nm! green. Tbc same was true for yellow and 
orange. Red ami green (or blue) were the easiest to recognize; tlien 
{‘an\e white, and last yellow (or orange) . 

Ti(*eanse tbe.so findings are pretty iinjiortant for many kinds of sig- 
naling systems in aviation, niilroadiag, and shippuig, we have snin- 
marized a part of Ihc data in Figure 21. The two intensities of light 



X = percent of red 

Fia. 21. This (jln'ornutiWl.y tlmtrnnu the best colot s to ii.se if w wiint lo he 

able to rceofj;niiJC tho colors of point sources of light used for sigtmling at Jiiglit. 

(After Hill, 1947) 

gave proily nuicli tlic same result, and we have shown here only tlie 
data for the 2 milG-rmulle light. The double-hatched areas on this 
chart show those colors that could be correctly recognized 99 percent 
of the time. The single-hatched areas show those colors that could be 
recognized eoi’roctly 90 i)ercent of (he time. Notice that thej’c was no 
white light that could he recognized 99 percent of the time. Notice 
also that there was no yellow or orange that could even be recognized 
90 percent of the time. In case you ever have to use yellow, thovigh, 
wc drawn in tlie best yellows to use. These yellows could be 
recognized covvcctly 80 percent of the time. 

Dark adaptation. If you go suddenly from bright illumination into 
darkness, the eye is nut ready to go to work until it has had Lime to 
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become adaj>ieil to the new illiunimition. Tf you .stej) into a inovio at 
night from a brilliantly lit lobby, at first 3^011 cannot see very much, 
but after several minutes dim forms and largo outlines become visible. 
Then, as time goes bjs more details of the oiivironment boeomc iier-* 
ceptible. This increase in sensitivity of the at low lev(ds of illumi- 
nation is called dark adajitution. Dark mlaptation follows a fairly 
definite pattern which can bo charted determining the nnnimmn 
amount of light you can see at various times after you go into the 
dark. The pattern of this dark adaptation process to differently col- 
ored lights is shown in Figure 22. 

The course of uduptu/ma. In gcv^envl, Uie decrease in visual thresh- 
old during the first 8 or 9 mimites is due to an increase in the sensitiv- 
ity of tljc cones and, to a small degree, to the dilation of the jiupil 
which increases the ligliUgatliering ])ower of the eye. The additional 
increase in vijsual sensitivity which occurs after 10 minutes is due to 
the rods taking over. Most of tlie inen^ase in the sensitivity of the 
eye occurs during the first 30 miiuiles, although after that lime there 
is still a small but consistent increase in sensitivity. During these 
first 30 minutea, the oyo^B sensitivity jncreas(?s roughly ten thousand 
times. 

It shnuhi bo clear by now that our eyes are really extraordinary 
instruments. They arc so sensitive that when they are fully adapted 
they can see the flare of a mutch 10 miles away if tiie night is com- 
pletely black and if there is no liazc in the air. 

Color and adaptatmu One inure thing Figure 22 shows very clearly 
is that the eye is mucli more sensitive to violet liglit than it is to any 
other colors. Green, white, and yellow lights arc pretty good, but red 
(fid and reddish orange {lUi) nre not very visible. This fact is re- 
lated to the Purkinjc phenomenon wc mentioned earlier. One thing 
you should dearly umlerstand, however, that, when the ])rightne.ssos 
of these lights tall below al)oul 5.5 log mi(‘ronii<n'(fiauiberls, you can 
no longer recognize them as colors. Actually, you stop seeing the 
colors in these lights right after the sharp break in the dark adapta- 
tion curve which oecur.s between 10 and 20 niinules. At those very 
dim l)righinG.ssos, all colors — except 7^^, dee]) red — look white. 

HoaI (foggles. The relative sensitivity of the rods ami cones, as 
shown in Figures 20 and 22, has provided us witii a very imiiortant 
aid to night vision. The rods arc stimulated only a very lil tic by red 
light. By wearing goggles with red lenses in ordinary illuminations, 
we can dark-adai^t the rods with the lights on and still see well enough 
with the cones to rend or write. AVhen wc wear red goggles, ilio rods 
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in onr eyes, for all jinrposcs^ arc in complete darkness. The 

use of rod lighting and red dark-adaptation goggles during the war 
must Im) familiar to nil of you. 

InManfaneouH ihreshald following adaptation. The dark adaptation 
curves ^YC have just been diseussing shoNV how the sensitivity of the eye 
inoroases if we give it enough time. For some practicul i)robleins, 



Fia. 22, Those curves show the dimmest light we can sec at various timp.s after 
wo go into the dark. li lakes about 30 miiuites for the eye to roach full sensi- 
tivity. Notice that wo finally hceomo most sensitive to violet (D and tljut we 
uvo loaHt Kousitivc lo deep rod (/f^) aud voddisU orange Cf^n) light. (After 

Chapnnis, 1947) 


however, it is important to know how much light is necessary for vision 
immediately after the lights go out, If \vc step out of a brightly lit 
room into darkucs*s, how much can we see immediately? Now that 
radar is being used for commercial vessels, a practical question is: flow 
bright docs a radar scope have to be so that a captain can see it after 
having looked at tlie brightly lit ocean? The brightness that is just 
visible immediately after we have been adapted to a certain brightness 
level is called the instantaneous threshold, and the curve of this func- 
tion is shown in Figure 23. This cliart tells us that if we have been 
adapted lo a l)rightness level of 0.0001 millilaml^ert (log = d.O) we can 
see a light just about a fifth as bright (log = 5.3, or 0.00002 niillilam- 
bert) immediately after we enter a dark room. But if we liavo boon 
adapted to 1 millilambert — roughly equal to I apparent foot-candle 
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(log = 0) -wo o!in soo a liglil. tiboiil. on(( huiuliXMlth uh hrighl, (log ~ 3.1)) 
as soon as wo ouLor llto dark. 
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Fio, This (5urvo whows iiow ii snrfnci* wo oun inuu<Mliiil('ly iifUn' wo 

outer a dark room aflor having Ix'on a(lu])tiHl to vuriourt hrlghUioss lovols. (Aftov 

Nut.Ung, 1910) 

Some Piiysicaiv Factors Affecting Visibility 

Size aud viaibility, AAHion wo wore ttilking abouL Uio sonsiiivil-y of 
Uic eye, wo hintod id Uio fact tlial Iho m.c of tlio liglil wo aro looking 
at inflnencoR its visibility, lIcKcaFch studies show that jioint sources 
of light aro imich more cfTiciont light signals than arc large sources of 
light The data supporting this claim are shown in Figure 2d. This 
curve shows how miicii light circular areas must siipjily at the eye in 
order that they ('an just be seen. Notice that, when a cinailar light 
is 10 seconds or less in diameter^ it needs to supply only 10"’^^ foot- 
candle of illumination at the eye in order to bo seen. For practical 
purposes, a circular area 10 seconds or loss in si/.o may be considered a 
point source. When circular liglit areas become larger than this, how- 
ever, they must deliver more light to the eye in order to be seen, 

Another kind of data shows how visibility is related to the size and 
brightness of a light area. Figure 25 shows two sets of data on this 
problem. Tlie two curves do not agree exactly but they show almost 
the same kind of function: you can see a large area at a much lower 
brigiitncss thnu a small area. On the face of it, this might appear to 
contradict what wc just said in the preceding paragraph, [t does not, 
however. Let us explain the situation as follows: 

Imagine a large light area, say a iiiccc of wliite paper 3 feet square, 
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Viu. 2-1. A sonrrc; of is Uu' iiiosit ('liicienl size of light. Whon tho hRlit 
is than ji point soum^ it hns to supply num’ illuininulioii on tl»o ejH? before 

wo cun see it. (After liouma, 1939) 
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Fiq. 25. Tlioso ciJi’vos sl»ow 1k)\v briglil, snifaocs of vurious siz(!s must be so that 
we can just see them at a distance. These data arc for completely black back- 
grounds. Althougli tlie two sets of data do not agree exactly, they both show 
that small areas iinmfc be hrighlei* in order to be visible. (After Lash and Pricleaux, 
1943, and Bluckwolb 1946) 
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mid a small light area, say a piece of the same white paper 3 inches 
scpiaro. ir you ])ut the same amount of illumiiiation on botli pieces 
of paper, they will have the same l)riglitness. But tlie liig piece \vill 
<lcliver roughly 100 times more light to tlic eye than the small piece. 
Even though holji pieces of paper have the same brightness, you will 
be able to see the bigger one further away liecause it sends a gr<iat.('r 
total amount of light to the eye. 

Thercfoi’e, if you want a reflecting surface to be visible far away, 
make it as big as possible, Tlie brightness of the surface, under any 
given ilhmiination conditions, will be constant. With eonstnnt bright-* 
ness you get better visibility with bigger areas. If you want to see a 
light as far away as possible, make it small. \Vi(h a fixed amount of 
electric energy, you can crowd more visible light into u very small 
source thau into a big one. 

Time and risibility. Tn con.sidcring how time relati()nslii])S aflecd 
visibility, we must consider two ca.ses: (a I when wc know where (.li(‘ 
ligiit. source is and are looking in that direction, (b) when we do nol 
know where the light stau’ce is and have to liuut for it. In both oases 
a steady light source can he seen at much lower intensities than n 
flashing light source. 

The c(iuution which shows how intense a flashing light source must 
be when wc kjiow where i.he light source is and are looking at it, is 



where 7? ~ illumination of a flashing source whic.h can just be sc'cn 
(measured in foot'Candles at the rye) 

Eo = illumination of a si(;a(Iy sour(^o ^vhi(ih can just be seen 
(measured in foot-candl(‘s at. the eye) 
t — duration of the flash (in seconds) 
a = a constant equal to 0.21 second 

We have also put the same information into Figure 26 so that you can 
sec wliat this function looks like. Since intensity is directly propor- 
tional to illumination, wc have ])lottcd rehitivo intensity of the just 
visible llasli. Notice how much more intenso we have tf) Jnnko a very 
short flush of light so that \ve can see it. Notice also, however, that 
the just AUbible intensity is very nearly constant for durations of 0,5 
second or more. 

For the second case — when we do not know where the flashing light 
is and have to hunt for it — the situation is much worse. Now we must 
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coiiHidci- how long we spend liiinling for it, lu.v large an area we search 
with our eyes, lutw much of the retina is sensitive cnouglj to see tliat 
imrtievdar liglit, and so on. You can understand tliat it is hard to give 
a single function thid. will lake all these things into account. One 
thing wo can be .sure of is that the data in Figure 26 are ininiiniiin 
values. They tell us how intensity is related to time under the best 
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2G. 'J'his Knipli shows how in- 
to nso 11 flanii of hiis to ho in 
on I or that wo oiin just w'c it. 
Notiro that voiy shovt fliislios niuat 
ho much more iiitonse than long 
flashes if we want to see them. 

(After Jilondel and Roy, 1012) 
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Rio. 27. This enrvo shows liow in tense 
point sfjui'ces of light must be in order 
for us lo see them against backgrounds 
of various brightnesses (After Knoll, 
Tousoy, and T-Iulhurt^ 1916) 


seeing conditions. If we have to hunt for a light, we had better take 
a big safety factor into account. 

Background brightness. The visibility of a point source is also a 
function of the brightness of its background. The relationship that 
shows this is Figure 27. This curve shows us that, when we arc at 
starlight levels, a point source can bo .seen if it is very dim indeed, but, 
when wo get up into the moonlight levels, then a point source must 
be roughly 10 to 15 times more intense in order to bo seen. In day- 
light, a point source must be extremely intense in order to bo seen. 

Brightness rontrwsf. In talking about the visibility of aurfaeea that 
arc larger than a point source, visual scientists usually plot their data 
in terms of bi'ightncss contrasts. By brightnc.ss contrast, wo mean 
how much lighter or darker an object is than its background. This 
difference is expressed as a ratio of the background brightness to give 
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a measure called -perceut brightness contrast. Thu exact formula is 


%BC 


[hs 

b\ ' 


Wlicrc % BV is tiiu j)eret‘ut l)ri[j;lil.noss contrasir, is Ihe l>righlnuss of 
the object^ and Bi is the brij^hiiiess of the ImokarouiKl. By definition, 
objects that are bripjhler tliun ilieir surrouiulinas are said to have 
positive contrast; objects darker than tlieir surromidinga are said to 
liavc 7ieyative contrast 

Although this <lef)niti(m of l)righlness contrast is well established in 
the litoraturc of iilinuinatiiig laigiiujcring, psychologists soinetinies con- 
fuse it with an entirely subjective plienoiuoium called siiuultanonuH 
brightness contrast. This phenomenon results when two areas c)f 
difl'erent l>ngliinosscs arc placed side by side. Almost invaria\)ly, the 
lighter of tlie twt) surfaces looks lighter, and the darker of the two 
surfaces looks darker, tlum they really are. Psychologists can nioas- 
uro this effect but do not know why it occurs, A more exact term for 
the contrast we mean woul<l be himinunec contrast, but the term 
brightness (M)ntrast is already so W(‘ll estahlished that wo shall con- 
tinno to uhv it, as (lefined |)rc’\dously, throughout the book. 

Our best source (d information about the visibility (d noulunuu<ui>s 
areas eomos from an exlcaisive study conducted during the war by the 
OflicD of SeionUfir Keseurch anti nevch))>meni. Tt) comhujt tins study 
this agency took over the Lewis Comfort TilTany foundation, winch 
is normally an art school in i^oaoctinie. Sik>Is of liglit wore projected 
on a screen some GO feet away from a gi’ouji of obsei‘vers wlio re- 
ported whether or not they liad f^cen the sj)ot. A largo nunihor of such 
prcaontations were made with varying brightnesses, with vspols of 
varying sizes, and with background hrighincsses varying from full day- 
light to slightly less than the darkest night. In all, mi)re than two 
million observations were recorded. Some 450,000 of these observa- 
tions have now been analyzed, and they constitute what is probably 
the largest single study (>f huinnn vision that has been reported to date. 

Brightness contrast and visibility. Let us examine some of the data 
of this experiment. Shown in figures 28 and 29 arc a vseries of curves 
showing the least ])crccptiblc brightness contrast that can 1)0 seen by 
the normal eye ^Yith various background Ijrightnosses. The different 
curves in Figure 28 represent ttie data for test objects of various sizes. 
A total of approximately 220,000 observations went iiito the jilotting 
of this series of curves. Two relationships are shown very clearly by 
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Logarithm of brightness in foot-famberts 

Fi(}. 28. Thp.si* piirvos show liow tho IcnsI, visit >lo Imghlnoss contrast, varies as a 
function of bnek^round brij^btnoss and Hiz(‘ of Wo can soc nnieli sinallor 

contrasts wlicn llin backgroiitHl bright ness is liigli aiul the ol^joct is big. Tho 
target siz(’H Aj (,\ ]), and 1C are in minutes of visual anglt'. (Aflor Jiluckwoli, 

1946) 



Logarithm of least visible contrast 

FiO. 29. These two Iho sumo data uri in Figure 28. The diffevenl euvves arc for 
various brightness levels in foot-lanihorts. These curves show the smallest objects 
wo {‘an see witli various hackgroun<l brighlnesse.s and with various contrasts 
botw(‘pn the objects and their backgrounds, (After Blackwell, 1946) 
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this KtM’k's ut' curvoH: The (\vst is tluii, uh ilw bvi^lituoss dot*rouses, the 
l)rif> 111 ness euiilrast of the just l)un‘ly perceptihli' ()I)je('li iiuist l)oconi{3 
^renler. If wc translate this into oMhm* words, it nutans tliat, when it 
darker, things must he a lot hineker or lighter Ilian their hack- 
grounds in order for us (o see tlienj. Tf lliere is more liglii', on l\w other 
hand, wo ean see ohjoets lliat are just a litl.lo durki'r or lighi.or tlian 
their siirnmndings. 

Tlu; other rehitiunslii)’) ei early demonsVvuletl in (his gvaj^h is Unit, 
at any illumination, small ohjeets must iiave nnire eontrust in order 
to ho scon than large o])j(u*|.s. Tliis latter relaliojisliij) is more clearly 
demonstrated in Figure 20. There (he size of the oi)joet i.s plotled 
against the hrighinoss contrast of the just j)ereeplil>le object. In tins 
ease, the different curves reproseiii the data oh(aiiu‘d at the various 
t) rightness levels. 

('olor ccnilrftal in (htj/Uyht. Another kind of contrast is iniporUmt 
In many visihilily problems, namely, color eoatrast. (^)lor contrast 
means how much difference there is between colors wlien they are 
equal in brightness. Under good daylight viewing conditions, equal 
(M>J{>r differences show up as a s{jries of ellipses on a chromnticity dia- 
gram (Figure 30). Tlie distances from the boundaries of any ellipse 
to tlio point in the center represent colors that luivo equal color con- 
tras L Notice that wc cannot get many greens that will look very 
dilforont — the ellii)sos arc big there. .But ^ve can gel- a lot of colors 
that look different in the blue, purple, and red regions. This diagram 
shows that, if you want to use colors of equal brightness to tiislinguish 
differout objects^ you should pick them out of dilforeut ellipses. You 
will get your best color dinVronccs, of course, if you pick colors from 
ellipses that are as far apart as possible. lie sure to note the similarity 
])et\vcon those data and those shown in Figure 21 , 

Other factors in visibility. There are other factors wliich enter into 
the solution of visibility problems which we can only mention here. 
If visibility is necessary over great distances, (he characteristics of 
the atmosphere will be very important. 'Pho data we have given arc 
laboratory data; they represent the best possible seeing conditions. 
But if we are out-of-doors, rain, haze, dust, fog, and atmospheric boil 
will all decrease visibility. q"his means tluit we must take large safety 
factors into account in using this information. The general relation- 
ships will be alanit the same, l)ut visibility will generally bo ])oorcr. 

Application to radar displayfi. One nscful apj)lication of these con- 
trast data is in prediotiug the best ojierating conditions for cathodc-ray 
tubes. This is a pretty important application because the cathode-ray 
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Luho is iho (lisplay find of a inoiloni radar. Targets, land masses, and 
sea return Avhieh the radar pitdes up eventually apiiear on the j)hos- 
phorescent sereon of this tuho, Kven under tlie best oj)crating coiuH- 
tions, the srreeu is not very hrigld., tlic contrast is low, and the rosolu- 



i;- percent of red 

Fig, 30. Tlio dislnnros from the hoiiiuhu'ies of an}' clliiwe to the point in the 
con tor !'(' present color difTorenees Uiai aro GCiually noticeable. Thoj-e dnln wore 
obtained under good di^diglit eonditions with colors that had the same brightness. 

(After JiuUh 1936) 

tion ix)or. Pince (Hsknt targets may come in as very weak "pips” 
it is iinpnrtnnl to linve tlie sweej) line and sereen brightness sofc at those 
values tliat ai'o host for human vision. It is a big jninp from labora- 
tory data on brightne.ss contrast to the brightness of phosplnn' screens 
controlled hy electric voltages, Keoent research has shown Unit sig- 
nal detectability in radar is comparable to and can be predicted from 
brightness contrast data sucli as are sliown in Figures 28 and 29. The 
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elocivicfll units huvo to ho translnted iiiin hvi^hti^css v\nits, but, unco 
tliis is flono. tho applirntion follows easily. 

Other ap^iliratiofi}^ of rontiwt data. The whole art of oamouna^^c' 
(le])cn(Is on inc'iliods whereby low color jukI ])righiticsH contrast arc 
\iserl to conceal objoi'ls i>y Uecvoasing tbeiv visi!)iUiy. Rtiunluvil ean\- 
miflngo for inivnl aircraft consists in painting the underside a light 
color, to present low contrast against the sky when scon from bohnv, 
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Fin. 31. ThoK(? curves show how visilulil.y is rcdufcd wlini \V{' look fhrouglt phiiiJ 
glnss, elenn nntl i\\Y\y IMcxiglas. Obiiss nn<l voihico byigblnoss 

contriisis and ju this wiiy reduce visibility. (After Ohuisld und Gooddoii, 1043) 


and the top ^idc blue, to match the sea wlion seen from above. \Vhen 
aircraft operate predominantly in one type of combat envivoinnent, as 
do naval aircraft, satisfactory camouflagG can he adiievctl easily, If, 
on the other hand, the aircraft must operate under a wide variety of 
environnicntnl conditions, a camouflage for all of tlicso conditions is 
difficult if not impossible to achieve. 

Another practical illustration of the importance of briglitness con- 
trasts is shown in Figure 31, which scarcely needs any interpretation. 
These data were obtained by subjects who looked Uirougli aireraft 
glass, elenu Plexiglas and dirty Plexiglas. This figure shows that dust 
and grease on windshields act as an olTcctivo screen between llio |)ilnt 
ninl the outside world. Parti(dcs of dirt and grease scatter light hap- 
hazardly into the biiiidlo of liglit ray.s wlucli form an image of the 
object ou the retina. This decreases the contrast and destroys the 
sharpness of the image. Diminished contrast also results from scratch- 
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or fogging of Iho iranspuroiit iiuilorial, because earb scratch or 
wniiw ^Irv^pU^t in a «onrro of scaUcveh light. 

VISUAL ACUITY 

How WiQ Measure Visual Acuity 

There arc two differenl. ways of measuring acuity. One is com- 
monly used l)y physicians and the other by lahoi'utory sciimtists. The 
two nioasures arc oblaincd in much the same way, and one can gener- 
ally he translated into tlie other. Our visual acuity is simply a state- 
ment about the smallest object whose shape we can roeoguijie iti a 
standard situation. 

The eye chart. AU of us, having suffered through at least a few 
physical examinations, are familiar with the pliysiciaid.s eye chart 
(sec Figure 32H When it- is used under carefully controlled condi- 
tions, tins measuring device compares your visual acuity with wliat is 
su]>posctl to bo that of the average person. The letters of different 
sizes on il)o chart arc supposed to represent what the average pcrsoji 
can barely see at various distances. On many charts, the biggest 
letter can bo just read at 200 feet, tlie next biggest letters are half as 
large and so can be read at 100 feet, and so on. If, at 20 feet from 
the chart, you can see what the average person can see at 20 feet, you 
Imvo 20/20 vision. If, at 20 foot from the chart, you can only see those 
letters which the average person can see at 100 feet, you have 20/100 
vision. That is not so good. But if you can see those letters which the 
average person can see only at 10 feet, you have 20/10 vision. That 
is excellent. 

These measurements could be made, of course, by using letters of 
one size and having the subject move back and forth, but the principle 
is the vsamc. When this procedure is used, however, a visual acuity 
of 20/40 becomes 10/20, one of 20/10 becomes 40/20. This system 
of measuring acuity lu\s been used in the Navy, It might help you to 
remember what these various designations mean if you notice that the 
numerator of the fraction is the distance at which you were when you 
read the letters, tlie denominator is the distance at which the average 
person can road the same letters. In scientific work, these visiuil acu- 
ity moasuroinents are frciiiiently expressed in their decimal cc|ui\^alents 
to make them easier to work with. Thus 20/20 vision equals 1.00; 
20/40 or 10/20 vision equals 0.50; 20/10 or 40/20 vision ociiuils 2,00; 
etc. 
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Visual augle, Thv other ty])0 of luea^ure. commonly used in tlie 
laboratory for niotisiiring visual acuity, expresses the size of the small** 
est you can see in I onus of the visual an^dc subtondecl by this 



Fig. 32. This is a rc(lii<*tion of one kind of cliart that can bo used to tost visual 
acuity. If you lonk at this chart from a distance of 20 to 30 feet, you will have 
ilh\8ivated a basic visibility function* visibility is a function of tbc size of the 
object you five looking at, 

object at the eye. To measure visual angle, take tlie oiitRide dimen- 
sions of the object you arc looking at as the base of a triangle with the 
point of the triangle at the eye. Tlie visual angle is the angle made 
I)y the linos'' that go from your eye to the outer edges of tlie object. 
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Tl)is kind of measure has its advantages because it gives us a single^ 
simple number to work witb. Furthermore, this type of measure in- 
volves no eomparison with the visual acuity of a hypothetical average 
person seeing under average conditions. In general, and under normal 
indoor conditions, the average person can just barely see an object 
that subtends one minute of visual angle. This corresponds to 20/20 
vision. A ])erson with 20/40 vision can just barely sec an object that 
is 2 minutes of visual angle in size. The limit of visual acuity under 
ideal conditions is about a half-second. This is roughly equivalent to 
seeing a wire, Yk] inch in diameter, a half-mile away! 

Converting visual acuity into visual angles. The conversion from 
visual acuity to minutes of visual angle is simple. Here is the equa- 
tion : 


vis Z 


1 

Va 


or VA = — — 
vis Z 


where vis Z = tho niininium angular size, measured at the eye, of the 
siuaUesfc detail you can see, and VA = your visual acuity expressed 
in its decimal form. This simj'yle cqvmtion is possible, of course, be- 
cause of the convenient relation that 1 minute of visual angle equals 
a visual acuity of 1.00. 

By the way, if you measure the size of the letter that is supposed 
to ccjual 20/20 vision (TM = 1.00) on a visual test chart, you will find 
that it is five minutes in size. Thai is all right, though, because the 
thickness of the strokes on the letter, and the while spaces between 
strokes — which are really tlie things you need to see if you arc to road 
the letter — all equal one minute oi visual angle when you are the cor- 
rect distance away from the chart. 

PHYSIOtOGICAL FACTORS AFFECTING ACUITY 

Near and far aciiily. If we are going to select men on the basis of 
t-heir acuities, it is essential that we also specify the distance at which 
we measui'c iliem. AVe know now that a person may have excellent 
acuity at 20 feet and very poor acuity at 13 inches. Or vice versa. In 
general, acuity stays the same for distances greater than 20 feet. One 
reason why this happens is tliat the lens in the front of the eye has to 
c-hangc »slmpe in order to focus near and far objects on the retina. 
This change in shape of the lens is called accommodation. Some peo- 
ple cannot focus on far objects. They are called nearsighted and have 
to wear glasses to correct the situation. Others cannot focus on ncai 
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oi)jeois. Tho}^ arc called fai\siglit(?cl and liavo to wear glasses so that 
they can read. As a general rule, people tond to become more far- 
sighted ns they grow older. 

These fnci.s have sonic practical ini])licntion8. Tn sonic industries 
and in many luililary situations, men are selected for particular jobs 
on the basis of results ohtained in physical examinations. Because 
visual acuity is related to accident jironcncss and efficiency in eerlain 
types of jobs, this i>s a critical item iu the \)hysical examination. It is 
now known ihni, if the job calls for good distance acuity, for example, 
truck driving, the men should he tested at 20 feet. But if the job calls 
for good near acuity, for example, loohnnkiiig or operating n radar, 
then the men should he tested at a distance comparable to that used 
on the job. The factors that affect acuity seem to affect botli near 
and far noiiity alike. For this reason we shall not liavc to talk about 
distances in the following discussion. 

Visual acuiiy and relinai angle in daylight. Wo all use our eyes 
so much that we commonly overlook certain peculiarities aliout seeing 
and would never notice tlu'in if ibey were not jiointcd out to us. Kvery 
once in a while, for example, sonieliody writes a pojmUvr article about 
the eye being just like a camera. In such a di.scussion the author 
iisunliy compares I he pliotographic hhii with the retina, (hat Iiaek jiart 
of the eye on which the iiimgcs tif outside olijects are forni(‘d. TTow- 
ever, this analogy is not correct in one very important respect. A 
photograph is usunily sharp and in focus over its entire surface. The 
edges of the pliotograpli arc clear. But tiiat is not the way the eye 
sees things. If, for example, you stare steadily at one fetter on a 
pruned page, it is impossible to vend letters 2 inches away; or if you 
are looking at tlic road ahead wlulc driving, you cannot read the road 
signs along the side. So the eye cloes not see everything so clearly 
as a camera all over its ’\usual field. 

This variation of visual acuiiy in different parts of the eye is plotted 
in Figure 33. In this illustration, zero degree represents the straight- 
ahead direction someiimes called the lino of sight. Light rays from 
this direction strike the fovea — the center part of the eye. Visual 
acuity drops off very rapidly as Ave go toward the corners at the eye. 
As a matter of fact, when you are looking straight ahead, your visual 
acuity 5 degrees to the right or to the left of this central line of sight 
is just half as good as it is in the center of your eye. When we go 
out toward the edges of the eye, as far as 40, 45, and 60 degrees from 
the central line of sight, visual acuity is only about Y>() of what it is 
directly straight ahead. 
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The bJind spot. Now oiio thing more before we leave this illustra- 
tion. Notice that tliere is a blacked-off area in the figure. This is 
labeled the “l)lind spot/' Even though most people do not realize it, 
everyone has a blind .spot in each of his eyes. It is located about 15 
degrees from the central part of the eye, on the side of the eye nearer 
to the nose and is al)out 7 degrees wide and about 5 dcgree.s high. It 
is the place where the nerves and bhiod vessels come into tlic eye. 
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Fki. 33, This is a curve of day liglil visiml acuii.y for dinVront parts of llio eye. 
The center part of the eye, the foVTu, has the best acuity in daylight. Notice Jiow 
rapidly ruaiity drops off toward the corncr.s of the eye. (After Wertheim, 1S94) 

This area of the eye is absolutely blind. We cannot see anything 
in it, and yet if ^ve try to find a hole in our visual field, wc do not see 
any such blind spot. Yet it would be a very simple matter to demon- 
strate it ill the laboratory. There is an interesting story about this 
blind spot. It was discovered by Mariotte in 1668. When the Royal 
Society demonstrated this phenomenon to King Charles II, be used it 
to see how his friends would look with their heads cut off. 

Seeing is deceiving. These two very simjile facts, the variation in 
visual acuity in diiferent parts of the eye and the presence of the 
physiological blind s]X)i-, may go unnoticed by very careful observers 
for years and years. Usually, when people have these things pointed 
out to tlmm, their natural reaction is ^Tiow come I never noticed it 
before this?^^ There are two answers to this question. Tlic first is 
that eye movements tend to obscure the blind spot from us. Our eyes 
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arc restless and their constant rovinp; fills in the hole, as it were. \Yg 
shall have sonieUiinti; more to say about eye inoveiiicaits in a jnouient. 

The second part of the answer is that seeing does not involve simply 
the eye; it involves both tlu; eye and the i)i’uin. There is a V(iry com- 
mon saying tliat seeing is Ijelicving, iuit, before you finish tins chapter, 
you will discover that in some oases seeing is deceiving. Sometimes 
our brain makes ns see things that do not exist even wlien ilie brain 
is free from the allegedly evil effects of alcohol. We shall have more 
to say about this matter when \vc come to the section on optical illu- 
sions. 

Fisital acuity atuf rctinat angle at night. l\\ m earlier section wc 
showed how nighttime sensitivity to liglit varies in different parts of 
the eye. But sensitivity to light is not tlic same as visual acuity. 
During the war, a lot of people confused the two and went arrnmd 
saying that if wo want to see things host at niglit we should turn our 
eyes al)o!it 15 or 20 degrees to one side. That is ti'uo if we arc trying 
to see a very weak liglit, for example, a distant lighthouse at sea. 
Very recent data show that the region of maximum acuitu at night is 
about <1 degrees from the eentor of the eye (Figure 34). Other recent 
experiments ]>y Oordon at u single hriglitness level (--4 log milli- 
lambcrts) agree with this since he finds the most acute region of 
the retina about C) to 7 degrees from the fovea. 

The physiological explanation of why visual acuity at night <1og8 
not parallel light sensitivity is complex and need not concern us loo 
greatly. We can say in very general terms, however, that these two 
visual functions depend on the density of the rod population and on 
the numbers of rods which connect to single nerve fibers in various 
parts of the eye. 

Figure 34 also contains some other useful infonnation. You can sec 
there that acuity depends very much on tlie amount of light. At very 
dim brightnesses acuity is best at about 4 degrees from tlic fovea, but 
the acuity there is considerably poorer at iiiglit than it is in daylight. 
A general function relating acuity to brightness is given later. The 
important point here is that Figure 34 gives us more evidence about 
basic differences l>ctwecn rods and cones and between seeing in day- 
liglit and at night. 

We can now summari/yC what we know al)oufc day and night vision in 
this way: In daylight, the eye is equally sensitive to light all over. At 
night, we see lights best wlien tliey are about 20 degrees from the line 
of sight. In daylight, visual acuity is very poor, relatively speaking, 
just a few degrees from the central line of sight, but at night the eye 
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is most aculo al)(mt 4 or 5 degrees from the central linn of sight. 
Strange as it may seem, in order to see best at night, we nui.st not look 
dir(!(!l,ly at an objeet but use off-center vision— look away from it in 
order to see it most elcnrly. 
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Fio. M, Visnal ncuit.y in differont parts of the eye fit different brightno.^s levels. 
At high brighlnossos the coni or of tlic oye (0 dogreos) in most acute. At very low 
bright iioases, between log 5 and log 6 micromicrolamberts, the eye is most acute 
about 4 degrees from the eentev, (After Mandelbaum and Sloan, 1947) 

Physical Factors Affecting Visual Acuity 

Wc should like now to shift our emphasis to some otlier basic factors 
affecting visual acuity. In contrast to the previous section, our con- 
cern here is how visual acuity is influenced by physical factors in the 
environment. Wc will find that the same sorts of factors that affect 
visibility also affect visual acuity. One or two new factors can be 
taken into account, however. Tliere are so many research studies on 
these factors that it would be impossible to review them all licrc. 
Wliat we shall try to do, therefore, is pick out representative data to 
illustrate each of the points we want to make. 
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Brighfjwss and visual acuity. We have already had ot^casion io 
mention the importanee of the first factor — illmniiiatinn or l)rig]itness* 
The clatii in Figure 35 are an average of six recent stiulies on visual 
acuity as a function of the nniount of liglit present. Noiic-e, however, 
that we have plotted brigtitness in inillilainhcris instead of illumina- 
tion along the bottom of this chart. The reason for liiiH is that visual 
acuity is more related to the brightness of the surface — the amount 
of light coming hack to the eye — than it is to the illumination falling 
onto the surface. 
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Fin. 35. This cairvo Klit>\vs liow vLsiml acuily varies ns ii finicUou of hackgrouial 
brightness. It is an average <!urvc (iilvon from flio resuHs of st'vorul ua'cnit st udies. 
(After Moon and Si^cncor, 1044) 


Tliero are several interesting things to no I ace ahoui^ this curve. 
First, notice how rapidly visual acuity inercasos as the brightness in- 
creases in the middle range of values — from 0.01 to 100 millilaml>eris. 
Tlien, notice too iliat visual acuity does not increase so much after 
that. Tlicre is onlj' a slight additional increase in acuity when the 
brightness of the surface intn-casos beyond JOO millilamberts. It is 
also important to note, though, that visual acuity appears to increase 
indefinitely — even if slowly — as we increase the brightness of the sur- 
face. This is a rather important finding, because it means that there 
is no such thing as the “best amouiU” of light. If we increase the 
amount of light falling onto a surface wo will always get l)ottor and 
better acuity. The important practical prol)lem is to get enough 
brightness so tliat we can do the kind of visual task we need to do. 

Tlio practical importance of data like these is that lliey enable us 
to make useful predictions about how much light is necessary to see 
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objects nf vuritms Bui vcmciubcv that tl^esc arc niminium fig- 

uvcH — iliG visual acuity rupresenis the smallest tletail tluit we can just 
barely see at ibeyc various briglitncsscs. If we want to see something 
without (lifTiciilty, tlioii \vc need more light than this grni)h shows. 

Visual acuity at night. These data arc important f(»r tolling us 
about seeing not only at liigh brightnesses, but at low brightnesses as 
well. Tlie decrease in acuity at low brightnesses and at night means 
that iilentification must depend on the perception of generalized con- 
tours and outlines and not on small distinguishing feature.s. Wires, 
})ieket fences, and telephone poles may be invisible a few hundred feet 
n^Yay at niglit. Aircraft and ships arc least visible when viewed from 
dead astern because their areas are smallest in that direction. For this 
reason, night interception tactics during the war required that enemy 
aircraft be followed from rear above or rear below, rather than from 
rear level. Similarly, small terrain features, a small building, smoke- 
stack, or a bridge may not be visible from the air at night, and recog- 
nition nmst depend on rather large ground features — -surf and sand, 
large clum|}S of trees, rivers, lakes, and large concrete installations. 

Time a 7 id visual acuity. The second factor affecting visual acuity 
\h time: An object becomes more visilde tlie longer you can look at it. 
T\m law is so reasonable tinit it hardly needs illustration. Magicians 
make use of this principle all the time, and it accounts for the saying, 
“Tlie hand is quicker than the eye.” 

You can get some idea al)out the importance of time in visual acu- 
ity from Figure 36. The experimenters who did this study had a num- 
ber of different visual acuity targets of different sizes, illuminated 
them to different briglitnesses, and tlien flashed them on foi* very short 
periods of time. Tlic observer’s task was to try to identify the visual 
acuity targets correctly during that short exposure. The results in 
Figure 36 arc plotted in terms of speed, that is, the reciprocal of time 
in seconds, 'J'hc higher points on these curves mean that the subjects 
had less time to see. It is evident here that, when the sul^jects had 
more time to look at the target, that is, when the speed values wei’e 
low, they could sec much smaller objects. When, on the olhei hand, 
they had only a very brief look at the targets, the test objects had to 
be much bigger before they could be scon. You can see again from 
this chart the influence of the first factor, brightness. For par- 
ticular exposure time, the subjects were able to sec smaller targets the 
more light they hud on the target. Of course, the range of lirightnesses 
covered in this experiment is only a very small fraction of the total 
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range of brightncs«es covered in the experinuMiis s\iinmarized in Fig- 
ure 35. 

V J xiMt I uc f ( U ij and b n (/ h i co a ( ras t . U usie data showing the r c Ui- 

Lionsliii) between visual acuity ami the Ijnglitness eontrast of objeets 
are conlaim^d in Figure 37. 'Hio two parts of tliis ligure were obtained 
from two different studies. In general, they agree fairly well for the 
lower conirnst values but not very well for the high contrast values. 
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Visual angle In minutes of arc 

Fiq. 3fi. At any brlKhUiCHs fovcjb wo do not nood so long a time to son whim wo 
look at higgoi* objo(*tg, AYo also lu'od 1 (*sh titno l.o son when wo incroaso briglitncss 
ovon lliough wc look at objoots that aro the same size, (After F(*vroe and Rand, 

1922) 

ThcBC differences arc due to differences in tiio experimental conditions 
used in the two studies. The data on the left-hand side of this figure 
were o])tainccl witli very long exposure times: The subjects were 
allowed to look at ttio target for three seconds or more. The data on 
the right-hand side of this figure were obtained with fairly Indcf ex- 
posure times: The subjects were allowed to sec the target for only 0,17 
second. Since we alr(^ndy know tliai visual acuity is related to the 
length time that we look at an object, it is not surprising to find 
tliat those two sots of data do not agree completely. For our pui’imsos, 
however, it is easy to sec that visual acuity at any particular bright- 
ness increases as the contrast of the object against its background 
increases, 

Intenelationships among factors. Each of these factors in visual 
acuity is easily understood when we consider them one at a time. A 
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(Ufficully ftfiscs, hinvcvCT, bceixusc they arc all interrelated, so that pre- 
dicting visual acuity iimler a given set of circiimstanccs may become 
fairly involved. In discussing many visual acuity and visibility func- 
tions (sec Figures 28, 29, 34, 30, and 37, for example) we discussed a 
couple of fai'lors at the same time. We know now, for exanij>le, that 
a reduction in any one of these factors— illumination, size, contrast, or 
time— may he compensated for by an increase in one or more of the 



Fro. 37. Visual atuiily as ii funotion of l)righ(/iH?.«H coiilmsl, luul background briglit- 
ne.‘3S. Visual acuity iiicrcaso.s both when wo have more light anti whm the oon- 
tvust be tween the object and its bnckgi'ouiul increases, (After Connor and 
Ganonng, 1935j and Cobb and Mops, 1928) 

others. For example, an object that is so small that you cannot sec 
it may be made visible by increasing the illumination on it or by in- 
creasing the contrast between it and its liackgroimd, or both. This 
is true within certain limits because it is easily possible, of course, to 
get an object so small that it can never be seen by tlie unaided eye. 

Fortunately for us, these basic factors have been investigated in 
their various inierrelationships, and Figure 38 shows how visual acuity 
vavies wit\> different contrasts and brightnesses and two different ex- 
posure times. We arc trying to show so many interrelationships here 
that it is necessary to use a three-dimensional diagram, and even then 
we do not quite include all the information we would like. The area 
above this three-dimonsionnl curve is the region of clear seeing; the 
area below the curve represents the region of the invisible. By means 
of this curve wo can tell from tlie size of an object, its contrast, and 
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the amount of illuniinatioii on H wliothcr or not that ohjoct will ho 
clearly Keen or not Hccn. This plot of the hoinulurics of normal vision 
was (lerivcvl /?’oin over 11)0,1)00 separato moasiiromonls, anO it 
the basis for many of onr imMliciions about visual acMiify under many 
in’actical conditions. Notice, lunyever, tliat this set of diiia does iH)t 
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Fig. 38. Tlio cnrvcrl thrco-ilinicnsiunal siirfiicc shoW8 Llic robitionship among visual 
acuity, conirnsL, and Ixickgrouml brightnoss for two Gxposiiro tiinos. This ia a 
oonibiniitioii of iho dabi sliown in Figaros 30 mid 37. We can soo Ihiugs clearly 
if the coinldnat.ion of st'ning coiulitions is above tlie curved surfac^o; we cannot 
SCO if tlic so(‘ing (jondiiionH full below Hie surftuM\ (From M. Luckiosh, Iviglit, 
vision and seeing, in 0. (ilasHi'v, cth, iMcdlnd ;>////, ‘fics, Chicago, Year Book Tul)- 

lishers, lOM, p. 073) 


cover the complete range of brightness values. But this is the host 
we have on this problem^ and the com]dcte investigation of the intcr- 
relationsliip of tliese factors must wait upon further research. 
Brightness of sicrroiind. In our discussion so far we have l)een con- 
cerned with visual acuity as a function of brightness, contrast, and 
time of eximsurc for an object along or very close to the central lino 
of siglit. Must practical problems in illuniination engineering require 
that one other factor be taken into account, namely, the lirightnoss of 
a large area surrounding the visual task. For all i)raetical piir])oses 
the visual field of the eye represents the amount of si>ace that wo can 
see. This visual field is limited by the contours of the face. Above, 
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it is iiinilod liy tlio oy<'lm>\vs, to one side l>y tlio noso, and below l)y 
the clieek bones. For tlic average observer, the visual field is al)out 


visual 


/ 


/ 


/ Entire visual field subtends 

about 120 degrees vertically 

about. l€0 


/ 


X 


\ 


X 

\ 


\ 


\ 


\ 


\ 


Arbilranly limited 
to 60 degrees ^ 


Accurate seeing 
one -degree field 


\ 

/ Surroundings 
I /'Vtsual'^l 


\ 


VlaskX 

'f 

■'k 


4- Central field 


/ 

■'A^igb bfigVitness contrasts 
are desirable 


\ 


\ 


Brightness ratios of 
surroundings and task 
should be small 

Desirable brightnesses m this region should be, 

1. Loss than 100 percent, and 

2, Greater than 10 percent, 

of brightness 
\ ot ceatral field 


/ 


/ 


/ 






r 

/ 


Periphery of visua\ ' 



Fiq. 3iJ. Tho illuniinnting enginoer has to consirlor the entire visual field in the 
design of interior lighting. (From M, Liickiosh, Li{fht, vision and seeing. Van 
Nostrnnd, copyright 1944) 


160 <log]’ecs in size horizontally and about 120 degrees in size verti- 
cally. For most problems we can divide this visual field into three 
areas as shown in Figure 39, The central field is fairly small in size 
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ajid is Uio j)lacc whero wc have our most accuraio vision. That ]X)r- 
tion of tlic visual field which surrounds the central hold up to 60 de- 
grees constitutes the surrouiidiugs. Finally, around the suiTouiuUng 
00-dogrce j)ortion is the pcriidiery (d tlie visual held. 

Vimal acuity a junction of surround brightness. We can change 
the visual acuity of the eye i)y merely increasing or decreasing the 
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Fkj. ‘10. Vinunl acuity as a function of the briglitncss of the eeiilrul nreu for three 
fa'i^hdnwca of surroimd. Notice Unit visual acuity is host wlicn the surround is 
ooual to the central arciii in briglitnoRs, (After Lythgoc, 1932) 

brightness of the siirrouuriings. The results of one investigation under- 
taken 1,0 explore this fimotion arc shown in Figure ^10, Tliis figure 
shows that visual acuity is greatest when the surrounding area is about 
the same brightness as the central field. This means, for examploj 
that, if we are looking at a dial, our eyes are most sensitive wlion a 
large area around the dial is about the same brightness as the dial 
luce. Wc say “about the same brightness’’ because a number of other 
studies seem l.o indicate that acuity is host when the surrounding area 
is just a little bit diinmor than the object at which we are looking. If 
tile suiTounding area is very much dilTercnt in brightness, visual acuity 
is not so good, and we get our greatest lo.ss when the siin’ounding area 
is brigliter than the visual task. F'or best acuity, tlie surrounds should 
nob be loss than one tenth as bright as tlio central field. 

As a jU'actical illustration of this ])rinciplc, two investigators, Hanes 
and Williams/^ have shown that detectability of targets on radar 
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.scopes rtciuully improves il’ the ilUm^ination in the room is kept a little 
l)igher than is usually the case. Detectability is best when the eyes 
arc adapted to about tlie same Ijrightncss level as the radar scope. 
This appears to be inie in (lie laboratory, buf. oilier factors must be 
considered in the design of Imghiiiesses and illuiiiinations for interior 
work s]nices. 

(flare. Da/y/de, or glare, jirnduced hy light sources of relatively high 
intensity in the visual field also affects acuity. In general, it rc< luces 
the sensitivity of the eye and the visibility of an object or task. Usu- 
ally when wc try to increase the illumination in the radar room to get 
better cielccta])iUty of radar scopes, we find that we have increased 
the glare so much that we arc worse off than when we started. Tlicj’o 
are too many shiny surfaces around. In the following disciis.sion wc 
shall disting\hsh iwo kinds of glare: siiccc.s.sivc and sinuiltancou.s. 

glare. This is the kind of glare you ex]) 0 ]'iencc when 
your eyes are siuldenly flooded with light more intense than you arc 
adapted to. When you step out of a theater into a brightly lit street 
you experience successive glare. Or when sometine suddenly snaps liis 
headlighls on dirocUy in your face on a dark night you arc exposed 
to successive glare. Under such oonditinns how niucli ligiit is ii glaring 
light? We have very good data on this i)roblein as a result of sonic 
extensive research by Nutting.^'^ He adapted the eye to a wide range 
of brightness leveJs and then suddenly exposed a much brighter field. 
The observers were required to state whether the increased liglit was 
uneomfor table, In spite of what might appear to be a highly aobjee- 
tive kind of report, the results were remarkably consistent. ITe found 
that the amount of liglit that appeared to be uncomfortable depended 
on tlic level of brightness to wliich the eye is adapted. If this bright- 
ness level B is expressed in millilamherts, then u light will glare if it 
is brighter than tiie value G coiu]niied from the following equation: 

G = 

This relationship is also illustrated in Figure 41. 

Simultaneous glare. Simultaneous glare is the kind we experience 
wlien there is a bright localized source of light in the visual field at 
the same time as a more general illumination. This kind of glare, wo 
know, is ilistracting and annoying and may oven cause extreme dis- 
comfort and pain. Glare sources that are particularly annoying are 
bright light sources in the direct visual field or rcllootcd images of 
light sources from polished surfaces. As a result of many years of 
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research on l.liis jjroblcm certain fimdainenUil rclalionshipH concerning 
glare have been ^veU crtUihU«l\c(l. 

Glarp. and vimal aruiti/, T\\a first of these is that glare reduces 
visual acuity directly as the l)rightness of the glare source. Tlio im- 
jmirinent of visual acuity, therefore, is directly dcpeinlent on the can- 
dlepnwer of Uie glare source toward the eye and iuv<'rsely proportional 
to the stiunve of iiu^ distance of the glare source from the eye. A sec- 
ond rclatiouvship is that ihe elTcet of any glare source hecomes less as 
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Fio. 'tl. ^riuV .shows ijow nuidi light is u glnring liglit wlion our eyes uro 
such [only iluodod with luoro (han we are adapt’d to, (After Nutt ini;, 11)10) 

the angular distance from the rlii’cct lino of vision increases. This re- 
lationship is shown in Figure 42. This illustration shows the oyc 
looking at an object with the direct line of vision re])reseiit(vl ns a hori- 
zontal lino at the bottom of the figure. In the upper lefUtiand corner 
is a lamp furnishing 10 for)t-candlcs of ilhunination on a test object. 
If wc introduce a glare source 40 degrees above Die direct lino of 
vision, the effect is nicrely one of slightly decreased acAuty. It wo 
bring this same glare source down to within 20 degrees of the direct 
line of sight, the eifect of the glare is definitely annoying. As wc bring 
it down to 10 degrees, there is a distinct effect of strain, and witliin 
degrees the effect is downright painful. The percentages on the right 
tell us how imicb effect the glare source has on the eye. 

Glare and brighlnesfi level. Another relntionslii}) we know is that 
the effect of any glare source decreases as the general brigUtnoss level 
increases. If wc increase the illumination on the object from 10 to 
100 foot-candles, the ciTect of this smne glare source is considerably 
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less. Then, filially, we know that we oan ovnhialc the effect of sev- 
eral glare soiii'ce.s il we weigiit each one for its distance from the 
primary line of .sight. All of the.se factors are important for the engi- 
neci who designs illiiininalion for the interiors oi work spaces. 
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CUiu'c worH(‘ t\s iL comes cUh^vr lo Iho direct lino of vision. 

(After Luckiosh, 1944) 


KYK MOVEMENTS 

When WG wore discu«sing visiuil aciiiiy wc commented that most 
people do not notice how Uicir visual acuity drops off toward the edges 
of iheir oyos, (^nc ix'asoii wo do not notice tliis and a lot of other very 
obvious tilings about (mr seeing jiroeess is that IJic eyes arc never still. 
Wlicn wo idiotogrupli somebody’s eyes' in the laboratory, we find that 
they are )'('stli‘ss, Tliey arc always moving and looking from one place 
to anotlier. This constant restless motion of (ho eye presents the 
brain wiih a whole lob of overlapping pictures which give us the im- 
pression of a comj)lote clear visual field. 
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Bye )noite>nent«. Scicniistri have spanl a lut of Uu\c wliulyint; oyo 
iiiovcnicnts and have chissiricd them into cerlain basic (rypes, Jt is no I 
necessary for us to go into all the types of jnovcinonts timi tlic eyes 
make, but it is important to know a liti.le alioui the way the ey('s 
move. The average person has an idea Unit when ho is r(»ading a book 
or ncws]>apcr his eyes make nice even smooth niovenicnts in following 
the lines of print. Actually that is not tlie case. If you do not believe 
it, vvatcl^ the way your wnfe^s eyes m<ive when she reads the weAYspaiau’ 
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43. b()<*aii()ii of fixaiion points of the ryc's of a snhjetit in reading 

throe linos of text. Tlio voriioal littos sliow whnro Lho oyoR .stopped; the iiuml^nrs 
above the vertical linoH sliow (he order in wliich the points wore fixalod. (After 

Bii.swcII, 1920) 


tomorrow morning. You will find that what actually happens is that 
her eyes move iu a series of jerkn. They literally hop over tlic words 
in the sontence. From actual measurements in the laboratory, wo 
know now that in reading, the eye is moving about 10 ])orcont of the 
time; tlic otlier 90 percent of the time it is stationary. We know^ too, 
tliat the eye does not look at every word, hut that it tends to stop at 
every second, ilnrd, or fourth word, depending on how difTicult the 
reading material is, 

Saccadic movements. In Figure 43 arc sluavii tlircG lines of print 
whicli were mid by a subject in an experimental laboratoiy. The 
vertical lines on these three lines of indnt itidicatc where his eyes 
stopped in reatling and the mimh(M's above these; vertical linos indicate 
the number of the Kto]>. In the first lino, for example, the eyes of this 
subject st()i)ped first at the second ‘h’” in 'hirrows.” Then liis eyes 
went back to the in then to the “y” in ^d)oy’’ nn<i so on. 

These small jerky movements of the eye in reading arc called saccadic 
movements. During actual movements, the eyes receive only l)lurs 
and streaks. The eye sees only while it is still. 
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All Hum might he very interesting to tlic scientific i^sychologist^ but 
what has it got to do with engineering psyeliology? It has a lot to 
do with seeing in certain kinds of situations. 

Jiiidtir (Icicrlability. For exanij>le, take the detection of targets on 
radat* sco})cs. Certain wartime studies have shown that radar oper- 
ators may sit and look at a scope for many minutes and not see a new 
target whicli lias a])])cared on the scope. Tliis may seem a little hard 
to believe, but aetiuil experiments sliow it to be true. 

One of the reasons why wc suspect this situation happens is: There 
is a very bright sweep line, so called, on the scopes of most ratlar sets. 
This sweep line is con tin tin !ly rotating around the radius or moving 
back uiul forth across the radar scope. We think that the radar oper- 
ator’s eyes follow this radar sweep around in this typical series of 
jerky rapid inovoments — trying to keep pace with the I’adur sweep 
line. Since vve know that the eye docs nut see when it is actually in 
motion, the iirohability of (k?tecting a new target pip on the face of 
the scu])o depends n great deal on the way in which the eyes move and 
where they haiipon to lie pointed at any particular time. Wo think 
that further study of tlic basic movement patterns of the eye will clar- 
ify uur understanding of why targets are or arc not picked up on the 
radar scopes under certain conditions. 

Visual search. This knowledge about eye movements also was very 
useful in certain scanning problems during the war. Tlie RAF, for ex- 
ample, worked out a scries of scarch-sean patterns for aircraft ob- 
servers so that they could increase their proliahility of detecting life 
rafts on the open sea. The ocean is a very large jilacc, and, if we 
search in a random haphazard manner, our chances of picking up a 
small object are very slim. You can also see now why wc could not 
give a good formula for the brightness of a flashing light when we 
have to hunt for it, The careful systematic ol)scrvor might be able 
to spot it very easily. But the man who rolls liis eyes around wildly 
would probably have a hard time finding the light. 

OPTICAL ILLUSIONS 

We said earlier that seeing really involves both the eyes and the 
brain. In many cases the brain ^ lakes the picture that is formed by 

* Our iiso of the word *'bvain” in iliis way is a very looso one whicli will offend 
many academie psy(du)logivSls. FyVen tboiiftli psycbolo^ists have a lot of faney 
nanie.s for I hose phenomena, tho truth of the n Hitter is that they roalb'^ do niit 
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the eye, flistorts it, and makes us sec thiiif^s that really are not so. 
Some of these (liserepaneies between ])CM’cc*|)tinn as registered in the 
brain and (he actual i)ictiire that is formed in the eye are called optical 
illusions. You have all undoubtedly seen a number of (iiesti illu.sions, 
but it might be instru(5tiYe to look at a few of them again. 

M uellar-Lycr {llusionH. Shown in Figure arc a number of illu- 
sions whicii go by (be name of the Muoller-Iiyer illusion. In tliis fig- 
ure all the liorizontal and vertical lines are exjictly ecpial in length, 



Fifl. '14. Sometinu's sopina is All ihv Imrizoiilal ami vortical lines are 

diviiltHl oxacMy in llio niifl(!l{\ Do Mioy look it? TIioho are oxnmnlos of the 
Mild lor- Lycr illusion. (Krom O, Glassor, Oplical illusion.s, in 0. 01a.s.sor, ecl„ 
Medical phyttica, Chicago, Year Hook Pul>lishGr.s, Ifl'kh ii. S25) 

and all arc divided exactly in tlie middle. However, those lines that 
seem to be enclosed by the arrowlieads look sluu'ter than tlic others. 
Ih’actieal appliention.s am! illustrutions of this illusion are found very 
frequently in architecture, particularly in Gothic and Roman columns 
which liold up heavy tniildings, uud in fences. This illusion also ex- 
plains why some pcojile look out of pi'oporlion in some kinds of clothes. 

Vertical illusio7i. Anotlicr common illusion is the illusion of the 
vertical, ns shown in Figure 45. Tn this illustration the height of the 
top hat is exactly identical with the width of its brim, l)ut most of you 
will agree that it looks a lot taller than it does broad. Tliis figure 
illustralo.s a very common illusion — the universal Umdency to over- 
estimate figures in the vertical dimension and underestimate them in 

know in most cnHcs why our poriicplions do not ooriTspond with the pictures 
fornicd on Lhi» rdina. Lenriiingp ndiLiuh'S, set, and innny oihtM’ fjKtlor.s piny an 
in\ 3 >ori!mt rolo, hut ijrocisoly how they interact to infliionco what we see is .still 
incomplelGly understood. 





V](i. Ji). Tlio illu- 
sion of llie vorti- 
cal. Is the luit as 
tali as it is broad? 
(From 0. Gliissor, 
Optical ilhnsions, in 
O. Glassor, ed., 
^fc(Iivfd pIiysicH, 
Chioaso, Year 
Book Ptihlisiiors, 
1911, p. S'if)) 


Optical flliifiious its 

tho lioriiioulnl dinionsitm. Thai is why the carrier iMidway, for cx- 
docs 2 iot l()i)k anywhere Jiear as Itaig as the Chrysler Buildiug 
is tall; yet they arc practically identical in length. 

If you want to look taller than yon arf\ wear 
clothes with long v(3rtical sirii)es. 

PerspOAdive illusion. Another very common illiH 
sion is the illiision of p(M*spe(5tivo as shown in Figure 
40, In this case, the three men arc alt ociiuilly tail, 
but the one {)U the right a])pears to be considerably 
taller Ihnn the one on the far left. This illusion 
(jcciu's because the human eye has been trained to 
associate persi^eciivc with distance. It is largely 
a matter of experience, therefore; and young chil- 
dren, who have not yet been trained to associate 
pGrsi)cc(-ive with distance, almost always say that 
tho three men are the same size. 

A ui oldnot ic illusion. 

The illusions wo have 
just fliseiissed arc all 
s/.a tic ill usions — * they 

consist of stationary arrangements of lines. 
Many otluws are associated witli niovcnicnt 
in one way or another. If, for example, 
you stare at a point of light in a completely 
dark room^ pretty soon the light will ap- 
j)ear to move. This is known as the aiito- 
kinetic illusion. Flight experiments have 
shown tliat this illusion can l)c seen very 
easily in formation flights at night. There 
is even some evict once to show that a few 
night accidents may have been caused by 
a ]hlot f Tying to follow what he thought 
was a wavering light on the plane ahead 
of him. This illusion, fortunately, can be 
over CO mo if we use flashing lights instead 
of steady ones, if we continually check the 
position of the light against some fixed 
rcfei'ence line like a window frame, and if wc move our eyes fre- 
quently and do nut stare at the light, 

OtheT illusious of inovcnienl. There are some other compelling 
movement illusions that wc see occasionally. Have you ever sat in a 


Fic. 46, Tlio illusion of por- 
spoclivo. Whi(!h man is iall- 
ost? (From 0. Olassor, 
Optical illusions, in 0, Glas- 
ficr, 0(1., Medical physics, 
Chicago, Y('ar Book Pub- 
lishers, 1044, p. 82G) 
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train in u railromi si. n lion with anoUicM’ l.raiii on tho noxir track? If 
so, you have pr(>l)al)ly cuii^^ht yourself ilunkiiij^ tliat your train was 
starling up when actually the other one was moving. Other illusions 
of inoveinont and position arc so compelling that julots have to remind 
themselves that they cannot trust how they feel but have to trust their 
instruments in blind flying. 

Applications, All these illusions are very interesting, l)ut are they 
really important? AVe have alread^^ given a few illustrations of their 
importance and wish we coiild go into this i)roblein more thoroughly. 
But we shall liavo to be content with just a few more examples. In- 
formation ai)out illusions wouhl come in very handy, of course, if we 
evei' had to design a crazy liousc for an amusement park. And with- 
out illusions we could not have motion pictures or moving signs, l^asic 
information ahoiit time relations — and this information is now avail- 
able — is especially important if we want to get the most realism out 
of moving signs. Then, too, the effects of static illusions show up in 
many types of visual display — maps, charts, plotting boards, or oven 
paintings — in which we have to make estimates about distances or 
lengths of lines. 

Ilkisions in radar displays. Our final illustration, to show that illu- 
sions may appear in some intricate nnu’Iunes, comes from a study be- 
ing conducted by a group of psycho logisis at lichigh University. 
'■J^hose investigators studied three scctor-tyjie radar presentation-s as 
shown in Figure 47, wliich are being usetl in a new radar system called 
GCA (ground control approach) for guiding j>ianes into airports when 
visibility is poor, for exam])Ie, in fog, rain, or at night. In the first 
presentation, the gently sloj)ing line in the center of tiie scojic re|)re“ 
seats the normal glide patli jmttern for an aircraft coming in on a 
blind landing. The vertical spacings on the right-hand margin of the 
first scope represent deviations in feet from this normal glide i)atli. 
The bright blob above the glide path and about in the center of the 
scope is an aircraft making an approach on tlie landing strip. 

Because of the triangular structure of tins tyiie of radar presenta- 
tion wc have a situation that resembles very closely the conditions 
for the perspective illusion wc saw in Figure 46, The investigators 
had a number of radar operators estimate the distance of tlie aircraft 
above and below the glide path, and they discovered that, as the air- 
craft came in closer to the point of Uie triangle, tho operators tended 
to exaggerate greatly their estimates, Thci'(^ was a very strong tend- 
ency for the operators to overestimate the amount of deviation of the 



Summary 

aitTrul'l, fnun ihc Klid(' puth. Tliis 
coiiiimied lo ))c so even when the 
invosti^uUws put, in Uv\> ^xVrn 
rofomicc lines, ns shown in tin* 
s(HM)n(i I’iuinr prosontntion. ^Plio 
eiTiJi's were snnillcr, but the illu- 
sion was so strong Unit it over- 
caino ilie effect of tlK3 two a<l<li“ 
iioinil rofcToncc lines. They finally 
had to use a radar presentation 
as sliown in Uic tliird sector be- 
fore they could completely elimi- 
nate the tendencies to ovcrcsti- 
mation, 

RITMMAKY 

In suinnniry, we have discussed 
in this ehapier a nuinl)er of fun- 
damental faets alxuit how we see. 

We started wilh a discussion of 
how wc can describe the physical 
stimuli we sec, Wc denned visi- 
bility an<l visual acuity and 
looked at a mimbcr of factors 
that affect these functions. We 
discovered that ouv day eyes sec 
differently from our night eyes. 

We found that we see diflorcntly 
with different jiarts of our eyes. 

We realised that sixe, brightness, 
contrast, lime, and glare were 
very important in determining 
how well we can sec. And wo 
finished with some optical illu- 
sions to prove that sometimes see- 
ing may be deceiving. 

Fio, 47. Throe soulor-lypo mdar prosenl aliens used in GOA. Tlio lino in Dig 
center of number 1 shows Die Klidc path for an aircrafli coming in on a blind 
landing. The JillJe .spot is tJ)e nircraflr. Tim displays labeled 1 and 2 nve snbjeol 
to the porspeclivo illusion shown in Figure 46; niiml)cr 3 is no(. fAfler Ford, 

1949) 
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In wriUtijji; ibis rhuptor wc had lo pick only a few .^Uulics (uil, of 
literally IbourtandH. Wc had to haivc oni a lot of other inlerewiing 
tbinf»;s alxnit liow wc .see — wc did not discuss color blindness, for ex- 
ann)Ie. And \v(^ have Imd to leave out a lot ol a[)plica(.ions of this 
information to man nuudiiiK' systems. Hut if you umlerslaiid the prin- 
ciples we have tried to set down hero, you will l)(* in a. niiK'h bc‘tt(‘r posi- 
tion to t lesion nnichines so U\at men can sec and use l.heu\ mure ellee- 
tively. 
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O. Instriinii^nl Uitils 
niul Legibility 


IN THE EAST CHAPTER WE HAD A EOyO LOOK AT SOME OF THE BASIC LAWS 
nl Vision. In this clmplor ribI the next, wo arc jj^oing lo move on to 
some probUmis of visual displays as wo sc^^ thorn in inan-numliine 
systems. Everything we said in ilio la.st ohaptcr about illiimiuation, 
contrast, glare, and so on is im[)(niant whonovor we think of tany kiml 
of visual disjilay, wholher it be a dial, an aireraft status board, or a 
billboiml. We sliall noi» menlion tdl those fnotovs again for each 
visiuihilisplay problem we talk about, but we should keep them in 
mind. 

AVHAT VISUAL l^ISPLAYS ARE 

In almost every maiwmaehme system there i\as to he siunc kind of 
display sonicwbcre or some time— if the operator is to know what is 
going on. Tlie word display, applied to nian-maeliino systems, means 
somo way of providing information which an operator eunnot or does 
not get directly through his senses. A fuel gage is a dis])lay because 
it gives v\s information about the status of the gas tank. If we have 
a curved pipe leading into the lank on our car, we cannot sec how 
much gas is in it, even if wc want to. Wc must de]:)cnd on the in-* 
formation provided by our gage display, A spccdomeici' is also a dis- 
play. Although \VG can get some idea about how fast we arc didving 
by how fast the landscape whizzes by, ouv iudgment about speed from 
such cues is very inaccurate. If wc get stopped by a traffic policeman, 
the only kind of evidence that will stand up in court is what wc swear 
the speedometer read. 

The importancG of visual displays. Visual displays aro imimrlant 
because wo depend so much on ouv eyes to tell us ^Yhut is going on or 
wlmt to do next. This is so obvious that there are jiot very many data 
on the relative importance of tlie eyes, cars, and sense of “fcck^ and 
toucli in operating comjilex machinery. A recent study ^ however, 
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illustrates the point very well. An extensive time -and -motion analysis 
was made of |)ilot performaneo in flying a 4-engine aireraft, the Navy 
R5D (Army C~54 or commcveial 130-4). Hero, bvieily, is what the 
study tolls us about the importance of different kinds of disi)lays in 
the idiot’s task: 

Tliore Nveve 60 controls which the pilot norm ally used in taking offj 
cruising, and landing. Of these 60 controls, 53 (88 percent) were oper- 
ated in response to some sort of visual cue — a dial, indicator, or some 
cue outside the plane. For 12 (20 percent) of the controls, the opera- 
tor used some sort of auditory cue — the sound of the motors, a radio 
signal, or verbal command. Finally, in operating 8 (13 percent) of tlic 
controls, operators relied on a kinesthetic or tactile cue — ^the ^‘fcel” of 
the controls or the pilot’s bodily orientation. These percentages add 
up to more than 100 percent because some controls were operated in 
response to one (jr another type of cue on different occasions. But 
the conclusion is clear: The pilot relies much more on his eyes than 
he (k)cs on his other senses in flying an aircraft. We have good evi- 
rtenec to convince us that this is generally true of operators using 
ino.st kinds of machinery, indirstrial and commercial, as well as 
military. 

Do nob take it for granted that wo approve of this state of affairs. 
As scientists we have to consider the possil)ility that we are overload- 
ing the eyes. Perhaps we would be better off if wc tried to get more 
information by auditory or tactual displays and loss by means of 
visual displays. As you will see in Chapter 9, it is possible to fly a 
plane by making use of information supplied by auditory displays. 
This w'hole general area of the best kind of display, or oombiimtions 
of displays, has not been investigated scientifically, and there is iiuudi 
useful work that could be done. In this chapter, however, it is our 
business to worry about visual displays, and we bad better get on 
with that story. 

Displays are perceptual problems. In technical lingo, psychologists 
call ju^oblems of visual displays ^‘perceptual problems” because they 
demand more than just seeing. The eye and the brain arc involved. 
In perception, the observer must not only see things but also interpret 
what he sees. He imisb relate what he sees to what ho already knows 
and make judgments and decisions on the basis of what he sees. When 
a target pip shows up on a radar sco])e, not only docs tlie operator sec 
that there is a bright spot there, but he also tries to estimate the posi- 
tion of the target in terms of its location and distance from the radar. 
He performs a complex mental judgment about the range of the target, 



120 Insiriunciit Diah and LegibUiiy 

for example, by knowing what ili^^taiKUis tlie range rings on liis rudar 
scope represent. All tiiesc words — j)erceive, inlerjiret, judge, estimate 
— indicate some higher mental function being carried on at the time 
the eyes arc seeing. AVe Inive already discovered that the brain is a 
mighty fallible piee(‘ of maehinery. Ft should not sur|)riKc us very 
much, therefore, to discover that our study of visual display systems 
niiglit just as well he labeled ^^siudies in human error.^^ 

Dkda atul othar vi.vad displays. There is so much malc’rial to cover 
in talking al)out visual displays that wo must lake two chapters to do 
it. This chapter takes uj) a very special class of visual displays — 
dials. These rate a clui])ter all to themselves because (Hals arc used 
almost everywhere in all kinds of man-machine systems^. There is 
now (unnigh informal ion about dials to make a fairly complete story 
al)ont tluMu. The next chapter deals with otiior broader asi)ects of 
visual displays. 


AVHAT ARE DIALS FOR? 

During the last 20 yt^urs (jur engiiuM'rs have done a marvelous and 
ingenious job of developing indicators and display inslrumcnts. If wo 
look aromnl the control slations on sliips, sul)marincs, locoirujtivcs, 
l>usos, and planes, and in industrial plants, we see an iinprc'ssive array 
of beautiful and aeeurate instruments. No mutter how well tlioy have 
been engineered, however, there is always the important i)rohlem: Do 
these instruments tell an operator wliat he needs to know? 

(Iheck readmrp The dials on instrunKaiks servo tl?rec fmu'ti^ahs. In 
the simplest case, tlio dial may Ijg there just to l('ll an operator that 
something is working or not working. Or, if it is a warning device, 
it may 1)C there to tell him to do something (pticlvly. This is eillier-or 
information. Lot \\s look at some illustrations. If you have an 
aiitomo])ile with a turn-signaling indicator on it, you know tliat when 
you want to make a IcfLlmnd turn you push a little lover so tliat a 
light blinks on the rear end of the car. At the same time, a light will 
start blinking on the dashboard, or on the steering wheel, and will con- 
tinue to blink until yon have made the turn — or until you turn the 
indicator off. The only reason the l)link(T is on the daslihoard is to 
show that the dilution indicator is working. Instruments that exist 
merely to show that something is working have a chock-rcading func- 
tion. Most of the time these instruments do not need any dials at all. 

QualUative indications. Sometimes an instrument is there so that 
we can tell if things are all right, and, if they arc not all right, in 
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wluit direction they arc off. The temperature gage on the automobile 
is such an instrument. You do not really care wlietlier tlie engine 
temperature on your car is exactly 130, L40, or 150 degrees. All you 
really need to know is that the temperature is about right. But if the 
radiator sjmngs a teak, you also want to he able to see the tempora- 
tiirc needle start going ii]). When it gets too high, you kjiow that you 
had better stop and check the water. Instruments for tliis purpose do 
nut need any numbers on the scales. All the driver needs to know is 
that a (‘crlain range is normal fur his car. AVhen the needle starts 
climbing, lie had better stop. As a matter of fact, several now cars 
now supply temixM’aturc gages without any numbers on them at all, 
and drivers say that they work very well. In.strumonts of this sort 
are used for qualitative reading. 

Many engineers are surprised to find tliat a lot of the fancy gadgets 
and instruments tlicy put in man-inachiiie systems ure of this tyjie. A 
pilot, for exam])lo, i.s not really interested in the precise cylinder liead 
temperature or nianifohl pressure of his engine.^ He only wants to 
know whether the r(‘adings arc reasoiuihle, and he also wants to be 
able to sec when llie readings start going off. 

precise (juautUative rea(ll}icjs. Frequently, however, dials are used 
for reading precise numerical values. A navigator, for example, wants 
to he able to read a compass exactly so that he can plot the direction 
Ids ship is going and find out whether it will land where he wants it 
to land. The altimeter on an aircraft may serve two different func- 
tions. Most oi the time the pilot wants to know in a general way that 
he is, say, around 20,000 feet. Occasionally, however, he docs want to 
get an exact quantitative indicalifui of lunv Idgh he is. When ho conics 
in for a landing, for example, he wants to know that he is exactly 
1,050 feet aliovc the ground so that he can make a proper aiiproacli to 
the airport. 

Analyzing the junction oj a dial For our purposc.s, the whole point 
of this discussion is that the engineering psychologi.st needs to examine 
closely the pui’poses of the instruments tlmt are installed in man- 
machine systems. He needs to ask himself: Wlmt kind of information 
does the operator need about the machine that he is running? Docs 
he need to have a check reading or a warning signal, that is, docs lie 
merely want to know when to do something? Or does he need to have 
a (jimlitative reading : must ho know only when something deviates 
from a normal position aiifl in what direction it goes off? Or, finally, 
does he really need to have a ]irccisc (piantitative reading so tliat he 
can find out something exact about the machine he is operating? 
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Tlicse arc important (iiiostions bocuuso tboy got right at the heart of 
visual displays on man-inmdune systems. 

And, in using such a elassifieution of inslrunienis, Uicro is a geiu'rul 
jH’inciple wc should keep in mind: A dial should !U)t sup))ly more in- 
forniuthm than the u})orutor needs or can use. If Uie ]hlot only needs 
to know Ins altitudo to the nearest 50 feet, there is no jvason to give 
1dm an altimelev that rends to the nenreslr 20 feet. If an cnginoe.v 
needs t{) know roughly tiow much water there is in a boiler, maybe a 
simple qualitative dial will do Iho trick. And rcmeiubov that for many 
])urpuscs a dial might not he necessary at all; a ligtit or Inizzor might 
do iust as well 

Throughout the rest of this chapi.cr we arc going to look at dials 
tliat are sui)po.sed to do the third kind of job, namely, provide us witli 
exact quantitative information. 


DO DIALS 1)0 WHAT TllKY AHTC STIPPOSRI) TO PO? 
iOuHOKs IN DiATi Readings 

A good way to approaoli the problem of dials is to examine the kinds 
of mistakes peojilo make in reading tliem. These records provide us 
with some valuable information about how to design good dials. 

AAF survey. Just recently, two U, S. Army Air Porce psychologists^ 
Fitts and Jones/’’ syslenuitically interviewed a large number of ex- 
perienced pilots. They asked each man if he had ever made or had 
seen anyone else make "an error in reading or interpreting an aircraft 
instrument, detecting a signal, or understanding instructions^’ They 
checked very carefully to be sure that the men wore actually present 
when the events they reported occurred. We can get some idea about 
tl)c kinds of stories they got from these verbatim accounts: 

1, It was an extremely dark iiightr. My copilot was at the cnnl.rols. T gave 
him inslniciions to take the .ship, a B-25, in(o the traiTic pa Horn and land. 
He began let, ting down from an uUit.iule of ‘l,tXK) fcot. At 1,()P0 foot al)ovo the 
ground, I expected him to level oil. Instead, ho kept right on letting down 
until 1 iinally had to lake over. His trouble was that ho had miisread the 
altimeter by 1,000 feet. Tliis incident might seem extremely stupid, but it 
was not the first time that I have seen it hap])en. Pilots are imshing up 
j)leiifcy of daisies today because they read their altimeter wrong while letting 
down on dark nights. 

2. I was an instructor iu a P~38 combat training group. One of my stu- 
dents had a generator go out. The procedure for this emergency was as 
foIloAvs: .sot props to 2, GOO rj)in while coiii.rol of .same can .still be maintained, 
turn off all electrical equipment and try to save some reserve battery strength 
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for radio in con taking the tower for landing inst met ions. The setting 

2,h(K) rpin was considered snOicient if the ship were forced to go around after 
making I he final approach. The tachomoter on tins particular ship was? of 
the type where the indituitor needle nnikcs one complete revolution for each 
I,0(X) rpin, anti the number of revolutions of this needle is indicated by ninn- 
bors 1, 2, or 3 coming up behind a square cutout on fho instrument. The 
l)ilot proceeded as instruefed after loss of the generator and upon return ap- 
proached the runway Imt was forced to go around with full throttle on both 
engines. He could not get sufliciciit power to regain air sjjeed and jnek up 
his flaps and landing gear. The result was that, lie ditched in the water nev- 
oral hundred yards oft’ the end of the lumvay. Later investigatrons of the 
pitch of the jii'oii.s indicated that they had been set for about 1,600 rpm in- 
stead of 2,60(), 

3. We had an alert one morning about eleven o’clock, because about 35 
Ja])anose planes had been picked up on the radar screen, Tn the mad scram- 
ble for ])lancs, the one I happened to pick out was a brand now «lhp which 
liad arrived about two days previously, I climbed in, and it seemed the 
wliole cockpit was rearranged. Finally, T got it started, but the Japs hit 
just about, that time. The re.st of the gang lifid gotten oft' and were climbing 
up to aUilude. I took a look at that instrument panel and viewed the gages 
around me, sweat falling olT my brow. The first bomb dropped just about 
100 yards from operations, T figured then and there I wasn’t going to take 
it off, but 1 sure could run it on tlio ground. Tliat’s exactly wliat I did — ran 
it all around the field, ujj and down the runway, during the attack. 

Number of errors reported. In all, 624 pilots were quostionctl — 
either hy direct interview (100 men) or by questionnaires (524 men) 
— and they replied with 270 “pi lot- error” experiences like those just 
described. The data do not show liow many men reported more tlian 
one incident, but it is clear that at least 187 different men (30 jicrccnt 
of tlie total) reported incidents. This may seem like a lot, or not 
many, depending on one^s point of vio\v. However, the things that 
were reported were the really serious and dramatic errors. These arc 
minimum figures. There were undoubtedly far more which were less 
serious and so were forgotten. Many errors may never have been 
noticed. And there were undoubtedly other errors which never got 
reported because the pilots never lived to tell about them. 

Eesidts, Of the 270 errors reported, several have to do with errors 
involving auditory signals, hand signals, and other things that do not 
concern us here. Tlie data in Table ft are selected and greatly oon- 
densetl from the report by Fitts and Jones. They speak for tlicin- 
selves. 

Errors in reading three-pointer altiuieters. One of the most striking 
fiiH lings of this study was the number of errors made on the altimeter. 





InslmvioH Dials and Le{/ibiHiy 


9. 


C^.AHWlVK’A'i'lON OV 227 Pn.O'l’-KllUOll*’ KKVWUUlNt’HW Cot,L?irVV’*l> UY 

AND JoNlirt 


'fypi' of error 


Number 
of errors 


1. l<>vo\’sin iulevpvetiug multivevolutum iuslvv\meuii\; 

A. Errors involving an inKtruiiKml whirli Jimre Ilian one poinl<*r, 

e.g., niisrejnling l.he allinieler by 1,000 fn<'t, l.he eloek by I hour, etc, *10 
lb I'jTor.s inviilving an inslninient. whieli lin« a poiiiltT and a rolaling 
tUtil viewi'd through a window/' e.g.> mi'^iviuUug Uio Uudumuder 
by 1,000 rpm, the tiir-speed nieler by 100 mpli B 


IT. Reversal toTors, rev(‘rsal8 in inhn'inx'ting t.b(‘ direelion of bank 
shown by a flight indiealor, reveimls in interpnding direction from 
compa««es, etc '17 


III, T/Ogibili(.y t'rroi’K: 

A, Insti'iirntmt marking« tliflieull or impossible to read heoauso of im- 


proper lighting, dirt, grease, worn markings, vil)ratinu, or obstruc- 

iions 32 

lb Parallax: PiOicailty in rending an instrument because of the angle 
at which it is viewed 5 


IV. Substilul.ion orrorfi: 

A. Mistaking one insiriiinent for another, e.g., confusing nmnifnhl- 
pr<'ssun> gage with la(>hom('1er, elock with air-speetl under, (d.e, . . 24 

lb (’onfusing which (‘iigine i.^^ refei'red lo by an instrument G 

C. Difiieuby in locating an instrument be(*ause of unfamiliar ariunge- 

im*nt (>f iristrumeiits 0 

V, Using an instrunu'nt that is inoperative, i.o., reading an instrunumt 
which is not working or is working incorrectly 25 

VI. Seale inte'iprfdation enms, i.e., errors in interpolating between .scab 

jiiarkers or in iiittu’pi’eting a nuinben'd gi'Uiluat.ioii Crorna-t ly . ... 15 

Vn. UiTors <lue to illusions: Faulty interpretation of tlu^ position of an air- 
craft' because body sensations do not agree witli what the instruments 
show" 14 

VIII, Signal intorpretalion oi'rors: Failure to notice a \vanung light, in the 

aircraft, or c<mfusiug one. warning light with antUher 6 


In fact, Uie throe-pointer altimeter was about the most diniciill air- 
craft instrument tn read correctly. For this reason, anotlier U. S. 
Army Air Force psychologist matlo a s])eeial study of evrors in read- 
ing tills instrument. ITo devised a series of lest liookletrf showing the 
altimeter in various settings. Tlion ho hud 07 pilots and 70 male col- 
lege students eacli read 12 instrument sellings, thereby gelling a total 
of 1,164 readings for the pilots and 0^18 readings for the college stu- 
dents. Of all these readings, 11.7 pereeni of those made by the cx- 
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l')C3'ien(3cd pilots and 17.4 ])crcent of tlie rcaclings made by the college 
students were in error by 1,000 feet ur mure. 

Wc do not need to go into the full details of the kinds of errors that 
were made in reading this instrument, but we can illustrate ln*iof1y 
two sorts of things that were done. Figure 4S shows two altimeter 
setting.s. The altimeter on the left reads 13,960 feet. Eleven mistakes 
were made by pilots who read tiii.s as 14,960. Fifty-one mistakes of 



13,960 ft 16,080 ft 

Fia. 48. Tliown are Iwo iilliinefor settings that were fre<iiu‘nlly iiiisrnad by pilots. 
The one on the left rcmls 13,960 feet.. I^ilols froquenily reiul it as 14,960. The 
one on lla^ right reatls 16,080 feel. Pilots frequently read it as 10,680 feet, (After 

Grctlior, 1948) 

this same type were made by pilots and 35 l)y college students on 
similar kinds of settings. The altimeter on the right side of Figure 48 
reads 16,080 feet. Seven mistakes were made by pilots who read this 
as 10,080. Forty-two mistakes of this same type were made by pilots 
and 52 by college students. We are sure you will agree tliat tliesc arc 
serious mistakes and that this altimeter must be a very difficult in- 
strument to read. 

Conclusions and inlerpi'etations. Now let us get back to the general 
picture, shown in Table 9, of the kinds of error.s made in reading air- 
craft instrument dials. Tlie Army psychologists have made some in- 
terpretations of their data wliieli apply to general problems of dial 
design. Some of their recommendations may be little more than 
hunches, but they come from j^eople who know most about the prob- 
lem. They certainly tell us what to look out for when men use dials. 

1. Serious errors in using and interpreting instruments and dials are fre- 
quciilly made by experienced men. Note, for example, that of tlie 270 
^^sLorics” of pilot errors, 125 were by men who were first pilots at the time 
the incident occurred. Only 48 incidents were reported by men who were 
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cadotH. Tn the other sludy oi' (ho idlinioler orrors, j dints madp nearly ns 
many mis lakes as cnllof^o si mien Is. 

2. Krrnrs in usina aial itiU’rpn'iinj!; instniinonts vi\\\ orvuv (dther in day- 
lip:ht or at nij^ht, and nnden* all sorts ot weather oondilinns. They are also 
found ill all kinds of airerait. 

li, dlui most frequent sin^h^ tyiie of error involved the aliimet(M’, a inidli- 
r evolution iudienior. This typo of dial desip:n is used heeauso a very long 
soalo is lUHulod lo present (ho information, llowcwcr true that may l)o, t.ho 
survey shows that wo need a more sat is fac lory method of disidayiiig informa- 
tion of this kind. 

4. A ])rineii)ie of nnifonii diiartion of motion ought to Ik' used in dial 
instruments, if we are to hop(* for eorreet interpret a I ion of instnniu'nts. Ln 
other W(>r<l>, all dials should rotate in the same direction for indicating in- 
creasing inagnitu ties— and vin* versa. 

6. W(' neetl to iinjirove 'warning devices and other visual means of con- 
vey iiig signals. There should also be some way of iinlicating when iiartie\ilar 
instruments art? not working. 

(). We need to have more information about instrument legibility and tbo 
kind t)f i)rtM*isioii iiossilile with ditTorent stylos ant I sizes of dials, scales, 
pointers, and numerals. Scales slionld be d( ‘signet I so that there will be 
ntifjiniuni eonfusion in going from one dial to another, especially when the 
gratlualions mean diHertmt things on dilTerent dials. 

7. There need to l>e belter ways of h lent dying iiarticular instruments under 
(lay and night coiulilions, 

8. Studies need to be made on tlu^ Ix'st arrangement of instruments on a 
panel. 

0, Instrunumls should la? standardized from one ])i(ve of etjuiiimontr to 
anotluM', from one aircraft lo another, from one? shi]) to another, 

Intkupubtation of Cihoups of Dials 

Wc Imvo l)cen talking mainly about frank errors in reading dials. 
But time as well as errors is important in using dials. Again tlio In^st 
rcseareh on this i)(>iut comes from tin? IT. 8. Army Air Fon^c psyidicilo- 
gists.*® They wanted to find out bow miieli time pilots required to 
oompreliend the position of the aircraft in which they were flying and 
to initiate control movements that would return the aircraft to straight 
and level flight. They studied these recoveries under l)otli contact and 
instrument conditions. Under contact conditions, the i)ilots could see 
out of the aircraft and sec the ground, the clouds, and the sumjuiicjing 
terrain. Under instrument coiulitions, all the outside world was 
blacked out so that they had to rely only on th(‘ir instruments to tell 
Diem Ihe jawition of the aircraft, 

Comprohension time versus recovery time. The pilot wore goggles, 
and at a givtm signal the goggles were removed from the pilot’s eyes 
so that he could assume control of the aircraft. These ]:>sycliologists 
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measured two things: average comprehensiem lime and average re- 
ctjvery lime. Average eoinprehcnsion lime is tlie time between tlie 
opening of the goggles and the beginning of the first correct control 
movements. It includes the time for accommodating and fcjciising 
the eyes, for coinprehendiug what is seen, and for initiating a control 
movement. In actual flying, comiu’ehension time corresponds to the 
time required by a pilot to focus on his panel and on instruments, 
after he flew into a cloud, or to change to contact flight after breaking 
out of a cloiicl/^ Recovery time is the amount of time that elaj^ses 
between the start of the first correct control movement and the com- 
pleted Yetwrn to s>tvaight and level llight. 

Results, This experiment showed that Uic average comprehension 
time for these 20 pilots ^vas 1.35 seconds for contact flying and 1,55 
seconds for instrument flying. The average recovery time was 9.5 
seconds for contact flying and 11,0 seconds for instrument flying. So 
we can see that wdicn the pilots were flying under contact conflitions 
their complete recovery — ctmiprehcusion time imd recovery time to- 
gether — was about 1.7 seconds faster than when these recoveries were 
made on instruments. 

These time differentials arc very important in modern aircraft which 
may travel at speeds close to 1,000 feet a second. At 000 miles per 
hour, for example, the pilot travels 1,190 feet before he makes his first 
reaction and 8,300 move feet before he recovers on contact flying. 
When he is flying on instruments, the figures are 1,360 and 9,080 f(?ct, 
respectively. If we add botli comprehension time and recovery lime 
together, the difference between contact and instrument flying is the 
difference between 9,550 feet and 11,040 feet. In all, this difference 
amounts to more than a quarter of a mile. 

Another important finding was this. In 7 out of a total of IfiO ex- 
perimental recoveries, the ])ilot first moved the aileron control in a di- 
rection that wo\ild increase, rather than decrease, the bank movement 
of the aircraft. Six of these mistakes were made during instnmient 
recoveries and only one during a contact recovery. 

Cov elusions. This study shows us that there is room for consider- 
able improvement in flight instrmnents. The present flight panel is 
far too difficult to understand. Not onlj'' can pilots react fastoi' to 
normal outdoor visual stiinxili but also even experienced pilots very 
often misinterpret the information that the present flight jmncl gives 
them. We must be wary in making sweeping conclusions, but we 
would i)robabIy find the same trouble in other displays, if we studied 
them. 




Fig. 49, This is a pilotVoyp viow of iiio interior of a DC-0 aircraft cockpit. 


Do yon wontlor that the onginoorinf? p.sycliolop;i«t is faced witli somo lough dhiplay 
prol)lems? (Oourlt'sy of American Airline's Inc,) 


aircraft cockjMt. This is a bewildering complex of instvumenU and 
controls. Although we have picked as our illustration the int.erior of 
an aircraft; very much the same kind of picture is seen when we look in 
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the control center of a ship or subniarine. Tn industrial ap])lieations 
large display systems of this sort are found, for example, in the con- 
trol centers of modern refining jDlants, in the nerve centers of systems 
of dams (such as the TVA system), and in electric generating plants. 

Tins is the pj’oblem: How can the scientist make complex visual 
displays like this foolproof and easy to understand? A big orderl 

THE SHAPES OF DIALS 

Until very recently, engineers hafl very little scientific information 
to use in designing the most readable kind of dial. They usually made 
their dials meet other rcc|iiire' 
meats — engineering convenience, 
for one thing. Round dials, for 
example, are probably very popu- 
lar because, as one engineer puts 
it, can wrap ten inches of 

scale around a three-inch dial.” 

Customer preferences have also 
had a lot to do with the kinds of 
dials we see around us. Automo- 
bile speedometers are designed 
primarily to ^Mook nice,^^ But in 
tliis section, we are going to ignore 
these other factors and look at 
dials only from the standpoint 
of maximum readability. In some 
cases, as we shall see, the most 
readable dial may turn out to be 
more complicated timn the usual 
kinds of dials, 

Single-Revolution Dials 

A recent study by a psychologist at Purdue University gives xis 
some valuable leads on the most readable kind of single-revolution 
dial. He compared the five dials shown in Figure 50. Notice that 
he used the same sizes of miinl)ers, the same sizes of pointers, and the 
same distances between ntimbcrs on all of the dials. He also put 
these dials in a special viewing box so that they could be exposed for 
0.12 second — just long enough for one quick glance. In all the trials, 
the pointer was set exactly on one of the numbers, or on one of the 
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Fig. 50. Here are five difforcnl tlial 
shapes studied by Sleight. (After 
Sleight, 1948) 
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small luai’ks liol.wern two niiiiibors. Tlio sii]>ii'(’ls knew this and wore 
I'ccjuired to road tiio dial to tlio nearest half unit. 

Uesuits, In Figure hi, you ran see (lie percentage of incorrect read- 
ings made by GO subjoefs in reailing these dials. Since there was a 
total of 1,020 readings for each dial, tli(‘ diiTerences lie tween dials arc 
all liiglily signihcaiil from a statistical point of view. Notice that the 
oi)on-wiiulow dial gave the fewi’st errors; llHU'e were only H oul of the 
whole batch of 1,020 (rials (0.5 pi'reent). Tho round dial was next 



Horizontal Vertical Round Open- Semi- 
window circular 


Diaf types 


Fic. Cl, 'riiis chart shows the of iiirorrcct nwlinj^s ina<h» by 00 

observers in reading the dials shown in Figuri^ 50. that Uio open-window 

dial was Jjesk; tJie j'ounri dinJ next best, (After Sieiglit, 10*18) 


best vdth 10.9 percent, and the horizontal and vertical dials were'poor- 
est — 27.5 and 35.5 percent crrtirs, rospeclivoly. 

T.oolcing to see when and where errors occurred also turned iij) sonic 
interesting points: (1) There are many more errors when the jioinlor 
is halfway hotween two mim])ers — for example, at 2.5, 3,5, d.5, and so 
on — than when the ])ointer is exactly on a mimhor — for example, on 2, 
3, or 4. (2) On the horizontal, vertical, and semicircular dials, more 

errors occur at the ends of the dials—around the niimhers 1, 1.5, 2, 
2.5, and 3 and 7, 7.5, 8, 8.5, and 9— than in the middle of the dial — 
at positions 4, 4.5, 5, 5.5, and 6. Round and open-window dials did 
not suffer from larger errors at the ends of the dial probably l)ecausc 
these dials do not have clearly defined ends. 

In addition, this investigator did a preliminary experiment with five 
exposure speeds (0.28, 0.20, 0.17, 0,14, and (U2 second). Ho arranged 
the conditions in this ]n’oliminary experiment so that ho could do an 
analysis of vaj’iancc on the data. The results showed that the vari- 
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anoe due to tlic dial typos was very significant and that the variance 
contributed by tlio different exposure speeds w«as less than 1 percent 
of the total variance. This means, of course j that exposure speed — 
within the range stuilicd — is not an important variable. Nonetheless, 
a word of (‘uution is in order about tlie interpretation of this experi- 
ment. The subjects had only brief glances at these dials since the 
longest exposure was just about a quarter of a second. It may bo that 
if they luul some other kind of job to do, for cxaini:)lo, read a iuim})er 
of these dials rapidly, the results might Iiavc come out differently. 
But for the time being, this is the best information we have. 

Tiik Dbsion of Mijltirevolution Dials 

As \vc have already seen, nuiltircvolution dials are among the most 
difficult to read. As best we can tell, tlie trouble seems to be that 
people must combine the readings of two or more separate pointers 
in order to get the information they want. On the other hand, multi- 
revolution dials arc used because one revolution of a pointer on a cir- 
cular dial does not give enougli scale length to provide as much accu- 
racy as is needed. The altitude range in wliieli conventional aircraft 
operate (rouglily 0—10,000 feet) cannot possibly be covered accurately 
in one revolution of a pointer on a dial of ordinary size. Altimeters 
arc not the only sensitive instruments with long scales. The clock is 
another such instrument, as arc also the aircraft tachometer and air- 
speed indicator. 

An experiment on miiliirevolution dials. Because of the clifHcultics 
involved in rending such instruments, another IT. S. Army Air Force 
psychologist did an experiment on nine different dial designs to see 
if he could find (me that would be easy to interpret. For each dial 
design he prepared a test booklet. The cover of each booklet showed 
the operator tlie kind of dial design in that booklet and provided a 
sample on which he could obtain practice. In.side the booklet the 
dial design was reproduced with 12 different settings. Under each 
picture was a sjiace (or writing in the reading. 

Results. Tins reading test was (lion taken by 97 Army Air Force 
pilots and 79 college men without any Aimy Air Force air-crew experi- 
ence. Their tests were scored for the time taken to read the dials as 
well as for dial-reading errors. Tn Figure 52, we see the results. This 
figure shows the conventional three-pointer altimeter and the five dial 
designs which proved best in the experiment. 

Remember that the experimental designs were simulated on paper. 
Engineers may have some trouble actually constructing some of tliesc. 
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Even so, it is the business of the oufrinocrinf*; psychologist to find out 
soi<'nti fie ally ^vha( ivS l)ost for the operator and to let others woi*ry 
about lunv close the “ideaP' can be api)roaehed in engineering jirae- 
tice. In (his ease, the ('iigineers liave chosen the design shown in tlie 
iip])er right corner of Kigure 52 and are now busy building it. From 
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Ficj. 62, This shows tlio conventional Miree-poinicM’ nlliinelor {upia'r left) and Lho 
five lujsl. altinuHors found in llio sludy by Cholhcr. The niiinlier of errors and 
average? v(‘iuJing timo for pilots and college kUkIoiiIs are shown bonoath oucli dial. 

(After Grot her, 1919) 


the laboratory experiments wo ox])oct it to be a considerable improve- 
ment over the conventional altimeter. 

An experiment on 2/rhoHr clock dials. There is oven room for im- 
provement ill tlic de,sign of clock faces, A clock is something you learn 
to read very early in life and is tlie one kind of dial you proiiably 
read more often than any other. And yet research on the most reada- 
ble kind of clock has been igma’ed until very recently. The problem 
arose liccanse military timo is reckoned on a 2d-hour basis. Telegraph 
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offices and business concerns — especially those that have international 
eonnections — are also beginning to compute time in this way. On a 
24-hour system, time from noon until midnight runs from 12 to 24 
hours. Thus 3:45 p.m. becomes 1545 hours. If only an or<linary 12- 
hour clock is available, you have to remember to add 12 to all the 
afternoon Jjouns. 

A U. S, Army Air Force investigator did an experiment ® on 11 differ- 
ent types of cltx'k dials in an attempt to discover tiic must readable 




PiCJ. 53. T)kvsc» arc the two best 24-honi’ clock dials found in ;i .study by Grcllicr. 
The one on the right is probably a little bolter than the one on the left. (After 

Grether, 1918) 

one. Some were 12-hour clocks; others were 24-hoiir cJocks. Some 
had numl)ers on (,he minute scale; otliers did not. Some had numbers 
on all the hour marks; others did not. In all, seven different variables 
of this sort were explored. 

Results, If time has to be reckoned on a 24-hour system, a 24-hour 
clock is l)ctter than a 12-hour clock. The two best 24-hour clock dials 
are shown in Figure 53. Although tlicre was very little difference be- 
tween tiiese two in terms of the speed and accuracy with whicli they 
could be read, the one on the right is recommended over the other one. 
In this clock, the shaded portion indicates the hours of darkness, that 
is, fi‘om 6 P.M. (1800 hours) to 6 a.m. (0600 hours) ; and noon (1200 
hours) comes at the top of the dial, as in ordinary 12-hour clocks. 

Dials or Counticrs? 

In the exiK'riment on inultirevolution dials, Grether inferred tliat 
a direct-reading instrument— like a counler — was a lot easier to read 
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tlifui any kind of dial he used. Sinc(5 lu) used only a i)apor-and-pcncil 
test, hou^cver, wc need to know whether counters arc more efficient 
tlian dials in actual ojicratioiial use. Fortunately there arc some 
studies “ to answer this <|Ucstion for us. These happen to have been 
done on radar cfiuipnient, but they provide us with some useful in- 
formation about the relative efficiency of dials and counters. 



Fi(i. 51 This is a srhciiuitic (HaKnun of ii radar piinol sliowiu^ tin? bcarin^^ dial 
around Uio radar sropo (right) and Iho raiigo dials (lower left). 


A lahoratorj/ study. In one ot tliose studies, four different pieces 
of standard radar ecpiipiiient were used. In the.se radar equipments, 
there is a large Ijoaring dial — ^I'cading from 000 to 350 degrees — around 
the radar tube. A hearing cursor, something like a ])ointer, mov(‘s 
around this dial so that an opcrnior can tell the position of a target 
he has located on the radar scope. A schematic diagram of one of 
these radars is shown in Figure 54. The othoi’ radars were somotliing 
like this, hut they diffcrcxl in ilic size of (.he dials, in the markings of 
the dials, and in their position with J'egai'd to the range counter. In 
addition to those four standard radars, tiii.s investigai^or also u.scd a 
breadboard model of a direct-reading bearing indicator and range in- 
dicator, as shown in Figure 55, 

Results — twiG, Figure 56 shows the average times rocpiirod by the 5 
()])eraior.s to read bearing and range information from the 4 standard 
radar units and from the experimental bearing and range counters. 
Notice that it took these operators on the average about 3.5 seconds 




Diah or Countersf 


1S6 

to road a bearing and range from the standard radar units, and notice 
also that it only took thorn alK)iit 1.8 seconds to read a bearing and 
range from the expcriincnial counters — a saving of about 47 ]^ercont 
in time. The analysis of variance applied to these data shows beyond 
any doubt that tliis result is statistically significant. 



Fki. ,51). This is a broadbomd iiiodol of a direct reading beui'iiig and range indi- 
cator used in tests against radar displays like those in Figure 54, 

Remits — errors. Now let us look at the errors made by these oper- 
ators in reporting targets fj’om the various pieces of equiijment. Fig- 
ure 57 shows tlic total numbers of bearing errors made by the 5 opera- 
tors in reading 250 targ(‘t settings from each piece of equipment. The 
results are so cloar-eut that little comment is called for. There were 
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Fig, 56. This shows the average time required by operators to read a bearing and 
range from four standard radars, A, B, C, Df .somel.hing like the one in Figure 64. 
X i.s the direct-reading counter sliown in Figure 65. Operators can read the 
counters in about half the tiiiu' they need to read radar dials. (After Chapimia, 

unpublished data) 

a lot fewer errors when operators read their bearings from the direct- 
rending counter than when they read their target bearings from tlie 
conventional circular scales. 

Operational tests. This first cxpcriinGiii, however, was .a kind of 
laboratory approach to the problem, because the men were not actually 
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operuiing tho otjuipmcnt. i\{, Ihc lime lliey made Uieir readijii^.s. Ti was 
a test merely of Ihe elludeney with whieh they cuuld read tho^e various 
scales. Tlien, too, only a l)r('a(ll)oar(l model of a divocl-rejidin^ counter 
was used. In order to ho sure that this diiTerence in favor of tlie 
direct-reading]; counter would still liold up under actual operational 
conditions, the c'x{)erimeritor had a dfrect-iwiing b(*aring ('(Kintcr con- 
sti'ncted and hooked up io tlic hearing]; crank on a remote radar in- 
dicator. 
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67. ThoRQ uro the mimlxTH of hejirinn ovror.'^ nmdo in rniulinp: I he same dinla 
lus those ill Figure 66. Nt>iie(‘ how iVw (U'l'ors W(‘n* luiule with llio eouiilers, (After 
Chiii]mnis. nninihlisluxl dulii) 

RchuUs, In this experiment a scries of ICO trials wore run in which 
radar o})erRtors were recpiirod to luint for now targets, operate the 
bearijig aiid range crank <in the radai’, read the scales, and report the 
bearing and range of the target. Tt turned out that, when those oper- 
ators used the normal in’occdurc of reading the bearings on the circu- 
lar dial around the radar scope, it took them aliout 12.8 seconds to do 
ihc entire Job for one target. AVhen they road their l)earing.s from ihc 
direct-reading bearing counter, however, it took them about 11,1 sec- 
onds, a saving of 1.7 seconds per target in favor of the bearing counter. 
In this case, it turned out very nicely, because this was exactly the 
amount of saving that was found in the laboratory experiment. 

In tiic operational experiment there were not enough (.rials run to 
get a large number of errors, but it is interesting to note that 4 percent 
of the readings made from the bearing dial were seriunsly in error. 
With the botiring counter, however, only slightly more than 1 percent 
of the targets were in error, and so the results in this case look rather 
clear-c\it. If wc want to get accurate readings from dials, a direct- 
reading counter can increase both speed and accuracy. 
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Disaduantages of counters. But this does not moan that we sho\ild 
run out and change all our dials to the direct-reading foi' they 
do have certain disadvantages. These same experiments show that 
it is a lot harder to use a direct-reading counter foi’ setting informa- 
tion into the equipment. It is also a lot harder to use a bearing cemn^ 
ter when the readings are changing very rapidly. The reason is ob- 
vious. When a counter is iisoc! for setting information into a piece 
of equipment, the numbers rotate so rapidly that the oj^erator has to 
stop every once in a while to find out where he is. A dial, however, 
is stationary, and the i)ointer moving within it furnishes the operator 
witli a very helpful cue. 

All in all, then, these experiments tell us tliat a direct-reading coun- 
ter is better than a circular scale when we want to read information 
from the instrument. The circular scale, liowcver, is better if settings 
must be reproduced or set into the equijmiont. 

THE DESIGN OF DIAL SCALES 

But there is more to the dial problem than just the nhapo of the 
dial The scale itself is probaldy the most important part of it. How 
many marks slunild there bo on it? How far apart should they be? 
How many of the marks should be numbered? The spccifi(* factors 
that make the dials most legible are still incompletely understood. AVo 
made a start on these problems during the war, howovei*, aufl \ve have 
some fairly dclinite conclusions on some of these (|ucstions. 

For convonionco in talking about the researches that have been done 
on dial scales, we have grouped tliem under certain headings. These 
are aibitrary grou])ings, and wo must understand that the scale factors 
arc all interrehitod. The nuinher of marks wc can put around a dial 
is related to the size of dial wc use. The .spacing between markings 
is also a function of the size of the dial and the nuuihei' of marks wg 
put around it. Most of the studies we can find have been done with 
fairly small dials (4 inches or less in diameter) wliich were read at 
fairly slioid distances (30 inclics or less). To ascertain how much we 
can d(‘i>(‘nd on these studies, we will describe the kinds of dials that 
were used. 

Ti-ii3 Number and Spacing of Dial Markings 

As a first guess, we might say that, the more dial marks we have, 
the more acc\iratcly wc will be able to read a dial Actually, that may 
OY may uut be trae. A few years ago a U. S. Army Air Force p^y- 
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olK)lc>gLsi, tttiKlied a miinl)or of dilYoroiil dial design??.^"' He was 
trying to discover some of tlic factors that increase their legibility. 
In Figure 58, for cxam]do, are tlirce of the dials used in the experi- 
ment. Those arc aircraft tacliometer dials. With very short exposures 
— 0.75 second' — or quick glances nt these dials, pilots were able to 
read the dial on the extreme left the most accin^ately. Tlic i^crcentages 
of error in rca<ling these dials were 34 for tlie dial on the extreme left, 
41 for the dial in the middle, and 44 percent for the one on the right. 
The general conclusion of liis studies was this: Thv cleanest dial from 



5K. qiicso ju'(f ihvi'v, linilHHiicUir (lials stiHlicd by Lourk.s, Taking sbori. 
glamios all caiili diuh ()l)saivors made fo\V(*al, errors with ila’ <nio ou the h'ft. 

(Afi(T Louaks, lO'tl) 


tlie stancli)oint of design — the one with the feivest (lit? I markings- 
gives the l)est results. 

Anotlwr study. Although the study just monlioned gives us a val- 
uable load, it does not give any real quantitative datti to work witlu 
To gel down to practical cases: Should tlicre he a marker at every 
unitj^every 5 units, or every 10 units? 

Information on this point cotnes from another stiuiy which made 
use of dials covering a range of 0 to 100, One kind of dial had 100 
marks, one at every unit, and is dosignaiod the 100 X, 1 dial; another 
had 20 marks, one at every 5 units, the 100 X T) ditil; the last had 
marks only at every 10 v\nits, the iOO X 10 dial. Each kind of dial 
was made in three sizes: 0,7, 1.4, and 2.8 inches in diameter. Three 
samples of these dials are shown in Figure 59. 

The men wlio read these dials wore given unlimited time but woi'ked 
under two differont kinds of instructions: (o) Speed and accuracy 
instructions — *‘lload these dials as fast and as amirately as you can;” 
(6) Accuracy instructions — ^‘Read the dials as accurately as you can.” 
All the dials had to be read to the m^aresi unit, r{'gavdlcs8 of the scale 
markings. 
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IfesuUs. Tiguvcrt GO and 61 sluw what hapi^ened in the experiment* 
For one thing, accuracy is consistently better when the subjects are 
tokl to be as accurate as possil)Ie (Figure 60). Of course, tliey took 



Fro. 50. These are throe samples of bio kinds of dials stialiod by Kappanf et aL 
Tho smalloHl dial shown hero is a 100X10 dint; the modiuni-sizr'd one is a 
100 X 3 dial ; the larjiost a 100 X 1 Eaf:h of the size.s shown was made up 

wiili 10, 20, or 100 marks, so that there wore nine different dials in all. (After 
Kappanf, Smith, and Bray, 1947) 

more time (Figure 61) when they ^vere working under accuracy instruc- 
tions. Thai is to be expected. 

The second obvious jioinb al)Oui these data is that speed and ac- 
curacy, .l^olh kinds of instructions, are highest for tlie biggest dials. 
Since these experimenters did not try any dials bigger than 2.8 inches, 
iiowever, we cannot be sure from this study that this is the best size 
of dial to use. 

The third thing these data show — and this point is not so obvious 
until you study the curves — is that the dials graduated by lO’s are 



l/iO 


I})stnii)icnt Dials and LegUnlily 



Pio. GO. I'his diuri shows llio orrors iiuuU' by sub.K'<‘is in n’luiinji; nine' diflViMMiL 
dials like thosn sliown in 50, UiuL oi'rois d{'i'r{’as(' for t.h<^ bigger 

dials. Noliee alsu that Uia 100 X tliiils are abonir as etToetivt; as Lho 100X1 
(lials. (Aflor Ktippauf, Suiith, and 11 ray, 10-17) 



PiQ. Cl. This chart show.s lho averago times r<'q\iire<l to road nine djlYorenL dials 
like those slinwii in Pigiin^ 50. 'Fhc'sc' da la inatcb those shown in Figun* 60. 
Wo need loss time to road a bigges- dial. NoLiiv, however, that there is not much 
dilToronotj betwoen tlio 100 X 5 and 100 X 1 dials. (After Kappauf, Smith and 

Bmy, 1947) 
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consistently \v()rsc than the dials graduated by 5’s and Vs. But notice 
this: There arc no clear-cut consistent diil'erences between the dials 
graduated by 5’s and those graduated by 1 ’s. If we put the results of 
this study together with the results cjbtaineil in Loucks^ short-exposure 
experiment, it appears that wc should get best results if we use a 
100 X 5 dial 

The analysis of variance of the error data brought out one or two 
points that cannot bo illustrated graplucally. First, as we might ex- 
pect from Figure 60, the differences 
between the errors made with the 
two kinds of instructions, with the dif- 
ferent sizes of dials, and with the differ- 
ent scales, were all highly significant 
from a statistical standpoint* Also sig- 
nificant in a retest experiment were the 
difierences between subjects and two of 
the interactions involving the subjects: 
subjects X sizes, and subjects X scales. 

This is disturbing because it means that 
all )HK>plc do not give the fewest evvovs 
witli the same size of dial or the same 
kind of scale. We cannot tell why this 
is at the present time, but it means 
that wc may have a little trouble trying to work up some generaliza- 
tions about the best kind of dial for all people. 

Another shidy on the best size of dial We might mention one other 
study which has some data on this j^oint, Grctlier and Williams did 
an expeJ'iinent ^ with four sizes of dials: 1, 1%, 2%, and 4 inches. 
Each size of dial was made with four different angular separations be- 
tween tlie dial jnarkers: 5, 10, 20, and 40 degrees. Each dial covered 
a range of 0 to 50 units, and each had five graduation marks oorre- 
sjionding to 0, 10, 20, 30, 40, and 50. Finally each of the 16 dials was 
tested under daylight and nighttime conditions, using fluorescent il- 
lumination, You can see an illustration of one of their dials in Figure 
62, 



Fig. G2. TGia is of one 

of the kinds of diats used by 
Grethpi* and Williams, (After 
Gmtlier and Williams, 1947) 


Eighty subjects were used, and each subject had 20 trials on each 
dial The dials were 30 inches from the subjects^ eye«. The subjects 
were given unlimited time but were told to read each dial as accu- 
rately and as fast ns possible. They had to estimate the ]iosition of 
the jjointer to the nearest tenth of the distance between graduations. 
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Tlic error rosnltH are in ilie average miinber of tenUis the subjects 
w(‘re off under each condition — tliis means tliut the errors arc relative. 

Avcuracij and size of diai For the 1%-, and 2%-inch dials, ac- 
curacy iner(?ased as the dial size increased. This was true for all 
marker spucing.s. With tlie d-imtii dial, accuracy improved from the 
5- and 10' to tiic 20-degree spacing init was worse for the dO-dogree 
spacing. The important point is that there does not ai)pear to 1)0 any 

sucli thing as a “besF’ size of 
dial. It looks as though the 
spacing is really the critical 
factor. 

Accuracy and spacing of 
markers. To follow up the 
point wc just made, note that 
accuracy increases for all sizes 
of dials as tlic spacing is in- 
creased from 5 to 20 degrees. 
For the 40-clegrcc spacing, 
however, accuracy increaserl 
for the 1- and 1%-inch dials 
hut decreased for the and 
d-inch dials. These facts indi- 
cate (liat (u) accuracy de])ends 
on both the size of the dial and 
the distance l)etween markings; 
and (b) a dial and the spacing 
between murks can be too l)ig 
as well as too small. 

Fortunately, this complicaled set of resulls can i)o reduced to very 
simple terms. If tlic distances ])otwoon the dial markings are meas- 
ured in indies instead of degrees, a single smooth curve fits all the 
data for all dial sizes with remarkable consistency. This function is 
shown in Figure 63. It reveals that, no matter what the size of tlic 
dial, wc get the best relative accuracy when the distance belAveen dial 
markers is about 0.6 or 0.7 inch. FvItoi’s increase rapidly when the 
markers are closer together than this. They also increase — but not 
so rapidly^ — wlien the separation between markers i.s grejiter. 

Another study on dud-marker spacing. This conclusion on the spac- 
ing of markers sounds so pat that it might seem u little hard lo l)elicve. 
The same sort of re.sult, howevoi’, canie out of nnotjier recent study.** 
In this, the dial designs were very similar to those designated liy the 


marks in Inches 

Fk 3. Olt Tho I la In far diffiM'onl sizes of 
dials an<l difforcni. spucings bohvonii 
markars auj all fit by this oao ruvvo. 
Tins inoana that, if wo want amiracy, 
wo siio\if<i {dlow iilKHit n hafMndi ho- 
Iwoon ninnhci’pd mnrkor«. (After 
Grothor and Willi inn a, 1947) 
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kittci'a A an<l B in Figure 59. Tliero were lOO’s dials, that is, dials 
reading fi-oin 0 to 100; 200’s dials, reading from 0 to 200; 400’s and 
600*8 dials. For each of these four dilierent scale lengths, there was 
one set of dinl.s gratluated by 5’s; that is, there were marks correspond- 
ing to 0, 5, JO, J5, and so on; and another set graduated hy ten.s; that 


Arc length equal to one scale unit in inches 



2.8" dial S 2 § 8 

Fia. 64. This shows the errors made in reading dials graduated hy fives. Notice 
that we get fowo.st. errors when the space between markers is nbout a quarter of 
an inch — 0.044 X (After Kappauf and iSmitli, 1951) 

is, there were marks corresponding to 0, 10, 20, 30, and so ou. Finally, 
each of these dials came in two sizes: 2.8 inches in diameter and lA 
inches in diameter. Sixteen different kinds of dials were studied in all. 
Plan oj the expe7iment. Each subject read 30 dials oi each type 
and size. His instructions were to make each reading to the nearest 
unit. Since readings liad to be made in units, and not simply to the 
nearest scale division, the subjects had to interpolate to fifths or tenths 
of divisions. The subjects were instructed to be as accurate as lies- 
sibic in their readings — ^to read as carefully as they would when mak- 
ing slide-rule calculations. 

li emits — accuracy. Figures 64 to 66 give the results. Figure 64 
shows the percentage of reading errors for the dials that were gradii- 
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Arc length equal to one scale unit In inches 



Fia. 05. Tins siiows the omirs inado hi r(‘ii<ljnp: fSinuluMlnl hy tons. In this 

caso WG got fowosL errors wlnni lh(‘ .sp;u^(; IxMavooii iinii’ki'rs is about a liulf-inoh. 
(Aftor Kapimiif iiml Smiih> 1951) 


0.6 0.9 


Arc per scale unit in degrees 
1,8 


3.6 



Pin. 06. I’oiitl (linla fastest whon Ihoy ai'o least olutienal ^vith markers, 
Kappaiif and Smith, 1951) 


(After 
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aicd by 5’s, Any reading that was not road exactly to tlie nearest 
unit was scored incorrect. Are length was measured in inches of cir- 
cumference devoted to each scale unit. Thus, as s])own at tJjc i^ottom 
of tlie figure, a ()00^s dial, 1.4 inches in diameter, has each unit on the 
scale represented by 0.007 inch. A 200’s dial of the 1 .4-iiicli size and 
a 400^s dial of the 2.8-'inch size have the same arc length for one unit 
of the scale distance. The same is true for the small lOO's dial and 
the large 200 s dial. The solid points in this figure are for the small 
dials; the open points for the large dials. Since these points overlap 
pretty well, wo can sec that the number of errors made in rc^ading 
these dials was a function of the linear distance for each scale unit and 
was independent of the dial size. 

Figure 65 shows the data foJ‘ the series of dials that were graduated 
by 10^s. Notice that there were more errors for these dials than for 
the dials graduated by 5\s. For the 400^s and 600^s dials of the smaller 
size, however, the niiinl)or of errors seemed to he about the same 
whclhor the scales were graduated l)y 5 s or lO’s. 

J3nt Jjcre is tJjc crncial point; in bi>t}] Fi^ujres 64 and 65 we ^ei few- 
est errors when the arc length per scale unit is 0.04 inch or longer. 
In order to make these results comparable to thos^e obtainerl by Wil- 
liams anti Grcthcr \vo must multiply the values in Figure 64 l)y 5; 
tho.se in Figure 65 l)y 10. The reason for this is that Williams and 
Grcthcr recorded their data in terms of the length of the scale between 
scale markers. The data of Kappauf and Smith are recorded in terms 
of the length of the circuinfcrenec between the scale unit that the 
subjects were required to read to. When we make this correction, the 
two sets Qf data agree very well for the dials graduated by lO’s, For 
the dials graduated by 5’s, wc get minimum errors when the spacing 
between markers is about a quarter of an inch. 

liesultfi- — speed. Figure 66 presents data on the speed of reading 
these dials. Tn tins figure, average rending time in seconds is ]>lotted 
as a function of arc per scale unit, where llie are is measured in de- 
grees. Tho most siginRcant finding Ijere is that speed appears to in- 
crease as wc increase the number of degrees su I ) tended by eacli scale 
unit. As we increase the number of degrees between each marker, of 
course, the dial looks less cluttered. All this brings us back to the 
conclusions of the first study wc mentioned: If we want to design ii 
dial for speed of reading, the cleanest one gives us the best results. 

Spacing between markers on polar coordinate displays. Another 
study “ on tlie spacing between markers ^vas done on an entirely dif- 
ferent kind of display. The results came out so close to those of the 
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dial hUkUcs dial il soonia upprojiriulu lo iiuniiioii llioin here. Tills 
study was done on u polar eoordi'iate plol^ like t hose shown in Figure 
74 of Chuplor h. Tlie (lisi)hiy has a series of coneeniric rings to in- 
dicate various dislanc(‘s from tho oenl.er. Tliese are called range rings, 
Jjilllc spots of light appeared at varj<ai.s places in this disjday, and 
the oi)orators were ref[uire(l to estimate the i)ositioiis of the spots be- 
l.ween any two range rings. ''I'he spaeings bet ween markers on differ- 
ent displays were Ynf 1, 2, 4, T), (>, 8, and 10 inches. 



Fid. 07, A I )i Illy U) crtnamtc ilie position of u iioint heUvi'cn two !iiurkc‘r.s on a 
polar rnoivlinaP* dkplay dcriv'a.SY's u'hon I, lie Uisiaiice hohvooa niarkca’.s i« jnoro 
Ilian Yj |n(*h. The avoruj^o error of esliiiimlion sliown on the ordinate is (lio 

absolute error in ostimiitinj' position on tlui display. (AfU'r beyztm'k, 19*10) 

The ]x'>suJts of tills experiment can be exprc!ss('f) in two ways. Firsk 
wc can show the discrepancy, nr error, lieLwcen the subject’s ostiniate 
and the notual location of the sp<4 in terms of distance on tliC disjday 
in inillinietoTs, as ]\as been done in Figure ()7. Here the average error 
of estimation was constant for the !4-> and V4“inch scales but 
began to increase greal.ly for scales with more space lietwecn them. 
The second way we can jdot these data is lo show the average ei'rtir 
as a iiorcentugc of the separation between markers, ns has been done 
in Figure OS. Now wc sec that jiorcentagewisc the errors of ostima- 
lion for scales of % and J4 inch are liigh, ami the errors reach a mini- 
mum for scales of Ve or groaior. Althougli (he actual error in 
tenns of tlistniico incrofises for tlieso scales, llie jiicrease in error is a 
cons(,ant fraction of the separation between mark(M's. 

Here again the V^-inoh spacing emerges ns the best. If wo want to 
have a lot of markers on u display, wc wish to have tliem as close 
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tof>otlK'r as jiossible, hut ilicre is no reason for getting them any elosei* 
than we can use them cflicicntly. The best compromise between a 
large number of markers — to represent a large total range of values — 
and accuracy of interpolation between markers seems to be a half- 
inch. 

Consistency of spaemg. There is still another point we sliould stress 
while we are on the subject of spacing between dial markers: con- 
sistency. Wherever |)ossibIc, we should have the same spacing be- 



0.1 1.0 10 
Scale interval In inches 

Fia. 68. Ability to esLiinate tlie relative position of ii point hetwoon two markers 
decirensos when the distance between markers is less tlmn incii. The average 
error of e.stimation shown on tlie ordinate in this figure is expressed as n percentage 
^ of the interval betwomi markers. (Afler Leyzorek, 1940) 

tween markers throughout the whole length of the scale. Also, if we 
have to read a number of dials that are near each other, the spacing 
m each dial sbowUl be the same. There arc two series of studies, by 
Loucks and by Vernon, to support this conclusion: Markers 

that change in value from one part of the scale to another or from one 
dial to another are very confusing and increase tlte nuinl}or of errors 
considerably. Most slide rules, since they have logarithmic scales on 
them, violate this important psychological principle of legibility. In 
the case of the slide rule, however, it is not qiiilo so important; wc 
usually have enough time to study the scale and get our settings ac- 
curately. 

Where Should the Scale Start? 

A different kind of problem that concerns the scale on a dial is: 
Where should it start? Should tlie zero be at the top, bottom, or in 
one side? In T.oucks' studies he varied tlm zero position of the scale 
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and cainc to the conclusion 1.1 uit i(. {lid not inako any diffcTonco in read- 
ing acenracy so Jar as he could telh Oretlior found; in lus study of 
(dock dialS; that there was not very iniudi din’erciHie in results boLwcon 
using (d(K*ks that liad 0 hours (midnight I at the top and using IJiose 
that had it at the hottonn But wlien he tried to shift tlu' niinule 
30ftlo around, lu' was not so successful, Ke got definitely better rc- 
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suits when th(i 0-60-miniile position was at tlu^ top, Tiie reason may 
bo that wc have so many habits built ui) about reading minutes from 
clo(iks but none al)oiit reading hours from 24-hour dials. 

Conclmion, It is probably safe to say that wo can shift the start- 
ing point on a scale (|uito a hit without affecting accuracy. This fact 
is of considci’able imiiortance. It means that instruments can be ro- 
tated so that the pointers will lie in a given position \indcr normal 
operating conditions — -a matter wc will ttike up later witen wc talk 
about ])at terns of dials. 

Separating the begin7}ing and end. An experiment by Vernon brings 
up a point related to ihe prol)lom where to start and end scales: When- 
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over possible, there should be a clean break between the beginning 
and end of Uic scale. Tiic dials used by Loucks (Figure 58) followed 
tliis princi])le. The dials used in the ex])eriments by Kappaiif and liis 
associates (Figure 59) did not. 

Direction of change, A final rocomincndation related to the ]:>cgin- 
ning and end of the scale is this: The scale should increase from im) 
in a clockwise direction. In Figure 09 there are two pairs of dials, 
one above the other. The upper pair are to be read togetheu*. One of 
them is a coarso-reading dial and the other a fine-reading dial. Try 
to read the exact nuniher that the pointer indicates on both upper 
dials. to read these dials accurately and fast. Then l(»ok down 
to the next pair below, and see which pair of dials you consider easier 
to read. Although we know of no actual experimental work on thi.s 
])r()l)lom, we think you will agree that the nunihors ought (o increase 
in (he same direction. At least there should he consistency on any 
piece of cciuipnieut. 

Dial Pointers 

A dial pointer is not a scale problem in a strict sense, hut it is im- 
portant because it tolls us whore tu look on a scale. Our conclusions 
about pointers are brief because there arc not many studies on them. 

Pointer ividth. We do not need to have a wide pointer for best legi- 
bility. Loucks found that under incandescent light a pointer ly^ 
inches long and li^ch wide was as good as one V/s inches long and 
%2 inch wide. Under strong ultraviolet light, the narrow^ pointer was 
actually better. 

Pointer length. The length of the pointer is very important, how- 
ever. When only the end of the pointer (Yn^ or inch) shows, 
Loucks found that errors increase markedly under both incandescent 
and ultraviolet light. Vernon studied the lengths of pointers from the 
other direction. Instead of cutting off the inner part of the pointer, 
she moved the tip in closer to the center. As we might expect, her 
results show that errors increase considerably when there is a large 
gap between the ti]> of the pointer and the scale. 

General Conclusions 

Experiments on dial scales arc still being conduided very actively. 
We may be a little rash in drawing conclusions at this stage of the 
game, lull here are some general conclusions about dials wlncli seem 
fairly safe: 



IBO Dkih (md Lcqihiliiii 

L A ttial i\hm\ 2.75 or 'A iiirlics to diamolor is prolml^ly tlio l)ost ailHiruuiul 
size if we are to road it at a distance of 50 iiiolios or loss, 

2, Marks should he located at the 0, 5, 10, 15, 20, etc. (or 0, 50, 100, 150, 
200, etc,), pcKsdioiis, The marks at the 0, 10, 2(h etc, (or 0, 100, 200, etc.), 
positions sliould 1>(‘ lon^^er than those at (Ik* 5, 15, 25, etc. {or 50, 15(1, 250, 
etc.), posit iems. Only the marks at 0, 10, 20, {*(.e., should l>e nnmlK'red. 

5. The dislauee hot ween the an ml a ‘red markers should lie about a lialf- 
inch as measured a round tlio cireuinl'orencc of tlio dial. 

4. The separation hotwcon scale markers shoultl he the same all around 
the dial, 

5. There should he a fija]) between the hesinninp; and end of (he scale. 

0. Values on (he scale should increase in a clockwise direcdon. 


THK ARUANOEMENl^ (W DIAL D1S]>I.AYS 

JVlTKHNINti 

As WO have alrciuly se(*n, in nuiuy types of dial display systems, tim 
opoj’aior is not interested in knowing exactly the (Hal reading at any 
one time. In aircraft, for extiiniile, the pilot does not, care particularly 
whether the iiuuiifokl jn’essure is 37.5 or 3H poumis \)vx sfpuirc inch. 
All Im really wanU to know is wlietUev or nut the manitukl pvcssnrc 
is within a nornml safe-operating range. For tins I’eason nmny air- 
craft instruments liave a snudl narrow green band painted along the 
outside edge of the dial to indienle tiie normal oj)eraUng or safe range. 

'^Unjmlterned'' diah. Even with this additional hel]), however, tliore 
is another factor that tends to add to the confusion of the operator. 
In Figure 70, the nine dials in the upper half of tlie figure repre- 
sent a hyp(Jtheiical gnnip of dials sueli ns we might find in an air- 
craft insiruinent panel. The safe ranges for each dial is indicated by 
a small lilaek band around the edge of the dial, If you examine tlic 
figure carefully, you will discover that two of ttic dials show something 
is amiss, since they are not pointing at the normal safe-operating 
range. 

Abginmeat patterns. Suppose now that ayc had patterned this sys- 
tem of dials. One i)ossil)lc type of i)attcrn is sl)owii by tlie group of 
nine dials in the lower half of the figure. In this case, the nor- 
mal safe-operating ranges arc indicated at tlie to}) of the dial. Wc 
had to shift tlie niimher scales around to do this, of course. Now so 
long as everything in the aircraft is perking along snuHilhly, all the 
needles on the dials will be pointing straiglit up, and you will probably 
agree that it is much easier to spot the two dials that show sometliing 
is wrong. 
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Ac’lual rxpcniiu^nls wil.Ii instrunianls inounlod in a Tank Trainer 
fallow heyond any douM Mint (lie pallenu'd dial dis])lay is casi(ir to 
use than a mixed dial disiilny. Tlicse same expcrimeuls also attempted 
to find out wluit ihe host poini(M' position is for tlie patterned display. 
Only three dilTorent arranf 2 ;enu'n[.s were tried: (1) 9-o'eloek ]K>siiions, 
that is, with all the needles i)ointing to tlie kd’t, (2) !2-o’eloek posi- 
tions, as shown in ki^ure 70, and (»T) 8-oVloek positions, that is, with 
all the needles pointing to the riy^ht. Because of the limited scope of 


Take-off 
Climb 
Max. cruise 
Cruise 
Glide 

Letdown 



Fin. 71. Tilts is a liyiinthetieid iiullemed dial display for aircraft.. Under any set 
of fliglit condilions, Llie pointers will ho lined up in a row. Tliis lets uh pick out 
raiiidly thf' dint wliicli sbow.s that soineihin}? is wrong. 


the.se experiments we should not eonelude tliat the ^‘best’^ position lias 
been located scicntificully. The results show, however, that the 3- 
o’cloek alignment position is worse than the other two. 'flie 9“ and 
]2“oVl()ck positions are about equally good, although there is some 
indication that the 9-o'cIock positions may he slightly better than the 
12-o^claok. 

Another paiterned dial display. Another l 3 q)c of i)atterned dial dis- 
[)luy is shown in Figure 71. Notice that in this case we have trans- 
formed the circular dials into rather long narrow ones. The varimis 
scales have not been identified hocauso this is a hypothetical dial dis- 
play. The important tiling to notice is that, when the aircraft is fly- 
ing along normally for one type of coudilion, for cxanqilo, at cruis- 
ing speed, all of the pointers should he aligned in a row. If one of 
the engines or components is not functioning proiiorly and the needle 
deviates from the normal operating condition, it is very easy to spot 
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one out of alignment. Notice also that it is possible with this tyi)C of 
dial display to set up a number of dilYcrcnt conditions. It is not neces- 
sary for all of the dials to be graduated in the same units, iior is it 
necessary for them all to start at the same zero position. AVe have 
shown here several different kinds of possiI)le scales which wcnild woi’k 
in a patterned dial display of tiiis sort, Tiie first two, for example, 
are linear scales; the tliird is a logarithmic scale. Two iuive numbers 
running from 0 to 7, one from 0 to 14, and still another from 0 lo 90. 
The particular spacings or nuinhers on the scales are not important 
so long as all of them can be aligned to indicate normal settings for 
any type of operating conriition. 

Standardization 

Another very important problem is stand«anlization, AAHien our 
basic researcli has ])iV)gressod far enough so that we know what makes 
dials efl'ectivc and when and where to use what kind of dials, wo will 
liavc to standardize. 

The inii^ortant ])nncii>le here is that groups (»f dials that are used 
for the same function should be standardized in location, from one sit- 
uation to the next, from one airplane to the next, or from one ship to 
the next, Tlie problem is an es|)ecially pressing one in the ease of air- 
craft, but it holds equally well in all kinds of man-machine systems. 

McFarland tells about an investigator from Northwest Airlines 
who recently concluded a large survey of pilot opinion among a repre- 
sentative grou]) of the Airlines Pilots Association. Most of the pilots 
agreed tiiat standardization of instrument locations is a very iiecG.ssary 
and vital step in f he design of instrument panels, A'lost pilots lielieved 
tliat it really did not make very much difference what the final ar- 
rangement was so long as the dials were clearly visible and their loca- 
tion was consistent from one j)lane to the next. In spile of this unani- 
mous opinion on the part of the pilots, how^ever, another recent survey 
showeil an almost complete lack of uniformity in the aiTangomont of 
dials on commercial two-engined aircraft now being built. The prob- 
lem is one that needs prompt and careful attention. 

As an example of how bad these things can get, there arc three radio 
receivers on the panel of the B-314. On two of them, the controls and 
dials arc rotated clockwise to increase the frequency; in the third re- 
ceiver, they rotate counterclockwise. In the same aircraft, the co- 
pilot’s air-speed indicator is rotated clockwise liy a corresponding 
motion of the setting knob, but the pilot^s meter has a reverse action. 
The situation is further complicated by the fact tliat these adju-stments 
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vary from one aircraft to anotlior. Tlio ])i]ot, therefore, has to deter- 
loinc tlio notion of his iiistruiucnts by trial and error euuli tinie he flies 
a iliflerent })lanc. 

Recently oiir laboratories have been doing a lot of research ()n radar 
indicators. In most of this eqiiiinnont the hearing control is on the 
left, tlic range control on the right. This is a seiiHil)le arrangement 
since operators norma lly read target locations in that onl(M’ — hearing 
first, range next— left to right. Itecently we r(‘ceiv(‘(l a brand iiew 
l)iecc of equi])inent from tlic factory, and wliere do you sup])ose the 
bearing and range controls were? They were backwards — range con- 
ti'ol on the left, bearing on tlic riglit. Our subjects who are trained 
on tlm old e(juipinent are always a little confused when tlu'y turn to 
the now e(juij)inent. 

One thing the oxi)erimcnier can always expect when any kind of 
standardization of dials is agreed on and used is a large numh('r of 
complaints from peoj)le wlio are not used to the particular arrangement 
of the visual display system. But it is really not a serious disadvan- 
tage, hecmiso the eventual benefits of standanlizutioii far o\itwoigli 
any minor inconveniences that result from uiiotlier training i)eriod, 

SUMMARY 

In this chapter wc have come to grijis with some i)raGtical pro])len'is 
of seeing, Wc talked mostly about a limited class of visual displays 
— diViJs. Wc fc'rtw Uial (iuils arc nat sc/ effective as they can he. Pedglc 
persist in misreading dials. Like it or not, that is the fact. Fortu- 
nately, there are a number of design factors which can be usee) to 
reduce these errors gi’eully. Some of these have l)ecu verified by ac- 
tual cxi)eriments; others are no bettor than expert opinions. We have 
tried to summarize the best information we can get at the present time. 
Ten years from now wo will be able to do a much better job. 
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IN THE LAfiT CHAPTER WE INTHOmrCED ONE PAimCULAR KIND OF V1SUA1. 

display— rlials. Wu treated dials in a separate c]iai>ter ])ecausG wc 
know more about them than wo do alanii most olbor kinds of dis- 
l)]a3^ In this clia])tcr we shall look at some of the broader i)roh loins 
of visual displays. 

There are many varialions and eombinations of displays, and we 
cannot hope to do lull justice to them all here. As a matter of fact, wo 
do not have many good sound generalizations in this field. Because 
of tliis divcM'sity and \iwk of good genoralizati(Uis, we shall have to 
discuss a miniher of things that may not seem to go together very well 
Wc sliall talk afiout symixdio and j^ictorial displays, numbers and 
scales, legibilily of symlads, tables, gruiihs, charts, and so on. This 
means that we cannot present a neat logical outline. But we hope that 
this chapter will introduce some of the majtir pi’oblonis and research 
findings in this field. 

SYMBOLIC AND PICTORIAL DLSPIAYS 

In (fiiaptor 5 we pointed out that it takes a pilot longer to straighten 
his aircraft when he must rely on instrunicuLs than it docs when he 
can see outside. Pilots just naturally seem to fly better when they can 
see what is going on outside. This state of alTairs, lioth in aircraft 
and in other places, is serious enough that instrument designers and 
engineering psychologists have been studying the best kind of a dis- 
play to use. Wc woiikl tike, of course, to have displays that allow us 
to got information as fast and as accurately ns possible, 

USEIi or SvMHOIJG AND I^ICTORIAD DISPLAYS 

One of the imjhiems of designing displays is concerned with the use 
of i)ictorial instead of symbolic displays. Before we go any fiu’ther, 
pcrha])s we should explain the difference between them. 

i^ymlwlic dhplays, ]\lost instruments and dials are symbolic dis- 
plays. By means of pointers, scales, or lighti:, those instruments pre- 
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Uses of Symbolic and Pictorial Displays 

seni an indirect story of what is going oin AYc do not get a natural 
visual picture from them. Most of them use nuinijers, and to make 
any sense of tliesc numhers we Imvc to know scane rules about what 
tliey mean. A speedometer is a gon<l example of a symbolic display. 
'\Adicn a speedometer reads 50, ^ve ha\^c to know u'liat 50 means. 
also need to have some idea al)out what miles means, what hours 
means, and wliat miles per hour means. 

\Ve learn all this, of course, l)ut the learning goes on so gradually 
throughout life, that we probably do not pay much attention to it. 
AVith some instruments, the learning process is much more evident. 
The first time most aviation cadets have to deal witli an aircraft in- 
strument panel, they disco’^^er that they must do a lot of learning 
fast in order to make sense of readings on maiiifold-prossui’e gages, 
tachumciers, and a dozen other gages. 

Pictonal displays, A pictorial display is one that presents a real- 
istic picture of what is going on. If we wanted to show sjiced by 
means of a pictorial display, for example, we would have to j’e] produce 
all those visual stimuli that whiz by when wo drive* Actually, this 
example is a little far-/ete)ied; a more realistie example is the artificial 
horizon indicator in aircraft. This tells a pilot whether he is lljdng 
straight and level. Information of this sort could be presented sym- 
]>olical!y, of course, ))y having a pointer on one dial indicate how many 
degrees the wings aj’c tilted and another (jnc show how many degrees 
the nose is pointing up or clown. A pictorial display for doing tlic 
same job is shown in Figure 72. Here, notice that a line represents the 
Jiorizon of tJm eartli, and a miniature j)lai^e represents tlio aircraft in 
which the pilot is flying. This is a kind of small picture of wliat is 
going on — of what the horizon looks like with respect to the position 
of the plane. This is what wc mean by a pictorial display. 

Inside-out versus outside-i7i displays, Tlierc are actually two ways 
of making pictorial displays — inside-out and outsidc-in. The inside- 
out display resembles what we see when we arc actually inside a mov- 
ing vehicle looking out at the world. If wo wanted a display of that 
sort for an automobile, then, when the automobile turns right, i)oles, 
buildings, and so forth would have to swing around us from right to 
left. In other words, the environment moves around us in an inside- 
out display. Also, we do not see much of the vehicle itself, since we 
are inside the vehicle. 

The ontsido-in display, on tlie other liand, rescmljlcs wlmt wc see 
when we are sitting on a hilltop looking down at the woj'lcl below. AA^'e 
arc fixed, the earth is fixed, and we sec cars moving around in this 
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fixed onvironinont. A loi. of little toy curs moving iirouiul on a map 
would provide an outside-in display. 



Left Roll Right Roll 

standard Indicators 



Left Roll night Roll 

Best Indicators 


Fio. 72. Two kinds of aviifitdal horizon showing; a loft roll and a roll. Tho 
two top indicators have boon sijnidard on aironifl and avo oxamplos of insido-ouL 
displays. Tho lower iiulicators are oiitsidodn displays, and rosoarch has si i own 
Unit they are better. (AfltT Loiieks, 1947) 

Examples oj pictorial displays, AVe will not (IcHcrihc the uses of 
symlxdic displays because many of them are already familiar to you. 
]Aut what arc some practical uses for pictorial displays? One place 
where inside-out displays have been of great value is in training 
devices. 

During the war, it was absolutely impossible to have each now sailor 
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or soldier start his training immediately with complicated machines of 
war. Tliere were not enougli to go around and, even if there had been, 
it would have been too dangerous and too costly to run them for re- 
cruits. For ihesc reasons, the services made wide use of synthetic 
training devices — gadgets which simulated the real thing in as realistic a 
manner as possible. Link trainers, gunnery trainers, submarine train- 
ers, and lnnulrcd>s of other trainers saved us milliuns of dolJars a year. 
But training devices also have their uses in peacetime and in industry. 
Realistic automobile trainers have been used, for example, to let nov- 
ices get the knack of driving before they actually get onto the road. 
That saves nioiiey both for the novice and for other people who do not 
get their cars banged up. 

Outside-in pictorial displays are also coming into use mure and more 
to make it possible for key persons to ^‘sixe up” a complicated situa- 
tion. They were used during the war, for example, to show fighter 
directors where enemy raids were coming in, how many jdanes were 
in each raid, and where friendly fighter phinc.s were. Little blocks 
were moved around on a huge map to represent the altitude, composi- 
tion, and direction of all raids. There was so much information to 
absorb rapidly that this was about the only way in which it could be 
d<Hie. Tcleran is another important outside-in display. This is a 
picture winch sJio^vs a pilot wlicrc lie is, whcj'e the aii’poi’t is, 
where the runways are, where other pianos are, and where obstruc- 
tions are around the airport. It is, in short, a miniature complete map. 
Although it is still in the experimental stage, it promises to 1)g im- 
mensely valuable in helping pilots get around in bad weather. Similar 
kinds of divsplays should be useful for the men who control airway 
traffic from the ground. The problem here is complex, of course, be- 
cause we have to present three-dimensional information. But, looking 
into the future, it seems clear that air traffic is going to increase heav- 
ily during the next twenty years. When it does, the problem of getting 
aircraft into and out of airports under poor \veather conditions is going 
to be difficult. Someone will have to know where all the planes are so 
that he can get the nearest ones clown first and give flight directions 
to the others until it is their turn to come in, 

Advantaoes and Disadvantages of Pictorial and Symbolic 
Displays 

Now that we have shown what symbolic and pictorial displays are, 
it might be worth while to size up the advantages and disadvantages 
of each. 
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Versatility, simplicity, aud rompaciness. The most obvious adviin- 
tago of tlie symbolic display is its versatility and compactness, AVc can 
represent almost any situation in a very small space with a syml)f>lic 
display. One little dial can represent a great distance, if there are 
enough numbers on it. But it is almost impossible to get .some kimls 
of information into a piciorial display. How coidd we picture manifold 
j>ressure, or cylinder head temperature, for example? We can show (he 
altitudes of 50 aircraft witli 50 altimeters, but it would take a lot of 
equipment to show this same information ])ic tonally. 

Accu 7 'acy of information, A se(Hmd advantage of the syiul)<)li(‘. dis- 
play is that information can be presented much more precisely. The 
use of dials, with numbers and markers, gives much more accurate in- 
formation than a small picture of the situation does. We can tell our 
Ji eight above the ground very easily from an altimeter, much better 
than we can by looking at the ground or a jnctorial representation of 
the ground and ourselves. The symbolic disj)Iay presents the infoi’ina- 
tion as a ju’ccuse (piantity. 

Training 7 'Gquired, On the other hand, ])ictorial d is]) lays require 
much less training to read than do symbolic displays. Rymbols are 
substituhis for the nail thing, and that ni(*ans w(^ neetl training in in- 
terpreting them. Actually, of course, ps)'’chologists will tell you that 
wo need a lot of training to recognize tlie meaning (d pictorial repre- 
sentations. Tn Chapter d, when we wore talking alamt optical illu- 
sions, we mentioned that children do not see the illusion of jier- 
spcciivc, That is something wo learn from ex]K‘rience. But the learn- 
ing wo need for pictorial <lisplays goes on all our liv(‘s and is so gradual 
that we do not notice it. Certainly most adults need little training to 
inteipret a i)ictorial display. They liave long ago learned about u])- 
ness, downness, farnoss, the meaning of lights and .shadows, and so on. 

Interpretability. The pictorial display can usually be interpreted 
much faster than the symbolic display, because the ])icto]’ial display 
is a miniature of the real thing. For example, if you see a little car 
marked on a map, you do not need a handbook of mathematical tables 
to tell you where that car is, at least not if you are familiar with the 
general area. But sup])oso you were told where the car is i)y its hiti- 
tude and longitude on two dials; or suppose you were told iliat it. is 
1,500 miles due west of the Empire State Building, flow long would 
it take you to figure out just where tliat ear is? 

The more complex a situation gets, the harder it is to interpret sym- 
bolic displays, and tlie more useful are pictorial displays. If a man 
in a control lower at LuGuardia Field had to keep track of just one 
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piano, he would probably manage all right with a few meters and 
dials. But su])])nsc he has to keep track of 50 planes with the same 
few meters and dials. Wc expect that he would retain his sanity only 
a short wliilc. 

Realinm. l^ietorial disj>lays are witlnait (piestion more realistic than 
synibaWc c/ispiays. And the /nsfde-out (dspfay is iiujrc rca/istic than 
the outside-in display. Yet there is some question whether the more 
realistic display is easier to interpret. Most of us seem to do all right 
when wc stand on iJic curl) and tell our wives how to park the family 
car. Likewise, operators controlling robot i)lanes by radio liavc no 
trouble so long as they can see the plane. These situations, however, 
correspond to outside-in displays, which arc less realistic in many 
cases than inside-out displays. 

The standard artificial horizon used in Army aircraft is an iii.side- 
nut disi)lay — the horizon moves wliile the ])lanc is stationary in space. 
On purely logical grounds, that is the reas{)nable display to use, shico 
it shows exactly the same thing the pilot would see if he could look 
out to the horizon. T.oucks, however, was not satisfied with reason- 
ing alone. He tlid an experiment, comparing an outside-in with an 
inside-out horizon indicator. To Ins and everyone clse’s amazement, 
he found that the })est indicator lias the horizon fixed and the plane 
moving. This is the outside-in display. It shows liow a filanc would 
look if we were watching it from behind. This probably means that 
wc think of the outside as fixed space, even though the outside actu- 
ally changes when the plane noses clown or banks over. It is easier to 
interpret wliat tfie plane is cfoing in this fixed space tlian it is to think 
of the jilane as fixed and then have to interpret an unrealistic move- 
ment of the outiside environment (see Figure 72). 

IlESEAnCII NeEI)E1) 

Wc have presented here a few viewpoints and some problems. We 
have given some arguments for and against symbolic and jiictorial dis- 
plays, But you will probably agree that there is room for a lot of 
research here. We need to have a lot of liasic research in order tliat 
we can design tlie best kind of vi.sual displaj’^ for particular jnirposes. 
Let us list bricily some of the questions that need answering: 

1, What are the situations in which pictorial displays can be used more 
profitably than symbolic displays? 

2. What are the situations in which inside- out displays are better than 
outside-in disphq^s? 

Ik How much realism do we need in a pictorial disiilay? We cannot, 
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(ii>viously, ('01111)10(0 mil ism in a pici.orial display, Tlow iimoli of lliat 
mi list II can wo forego witlioul' losinjr in in((u‘pr('(nl)ili(y ? 

4. Wliat lyi)('s ol‘ dial orl ion can wo ponnit in ii piclorial display? 

5. ^VIul(. kinds of syin^oliC' infonnalioii can lie hloiidcd inln a pictoiial 
display to iiinko up for Iho lack of precise qua nil tii live infornialion ilia I- wo 
cannot, inlo niosl jiictorial disiilay-y? What aro tho ))os(. ways of doiuK tins 
blending? 

numbkrs and sc;alns 

Ah we saw in Chaptors 2 and 1^, numbers are very handy things to 
have around. They lot us count things, measure tilings, bahniee our 
chocking accounts, and so on. They are also nseii whitdy on visual 
disjilays. Sometimes the numbers on visual displays are merely labels. 
The number “1” on a tiigbway sign is a label for a particidar road. 
But many types of visual displays have numbers on them so that we 
can measure and compute things. Numliers on dials, scales, slide rules, 
and meters exist for that pin’iioso. Since it is iinpossiblo to liave a 
number for every possible marker on a scale, we have to do some per- 
ceiving, judging, or estimating when the things we want to meavsure 
do not fall exactly opposite a marker willi a iiumlier on it. Strange 
as it may seem, the way we do our iicrceiving in such a czise depends 
on tlie kinds of numbers \vo have on the scale. That is the subject of 
tliis suction: how dilTercnt numbers affect the speed and aceurac.y with 
wliicli wo can use scales. 

Nummeu Preferences 

One of the first tilings we notice in this matter of numbers is that 
people have peculiar iiiunbcr habits and number ])referoiiccs. On 
many dials and scales we must estimate the last digit of a reading 
by interpolating lietween scale markers. If the pointer on a dial comes 
to rest somewhere between two marks labeled 50 and GO, we must do- 
tcrniiiie whether that position corresponds to 51, 52, 53, or any of the 
other numbers between 50 and 60. If we recorded a largo number of 
J'eadings of I’andoin settings with a scale of this sort, we should expect 
that the final interpolated digits would he randomly distributed among 
the digits 1 to 9. Actually, the data woulcl not come out that way. 
Must people seem to prefer some digits and to avoid others. 

Kinds oj observations, Tlie results of one study of these niimlier 
preferences are shown in Figure 73. One set of data in this figure 
is based on 1,000 readings of a millivoltmcter scale. In this case, the 
observer read a scale to the nearest millivolt and estimated tenths of 
millivolts by interpolation. Another scries of measurements is based 



163 


Number Preferences 

on 1,000 thermometer readings from a weather station in England. In 
this instance, the observers read tlicrinoinetcrs to the nearest degree 
and estimated tenths of a degree by interpolation. Still another series 
of measurements is baserl on 1,258 measurements with a ruler gradu^ 
a ted in milliineters, tenths of millimeters being estimated. And finally, 
from an agricultural experiment station, there are 854 weight measure- 



73. When interpolations have to ho made l>ctwoon scale markings, some 
ninnhers arc used much more ofltm tluui others. (After Yule, 1927) 


nients on grain which was weighed to the nearest gram, with estima- 
tions made to the nearest tenth of a gram. 

Results. We can see from these data that observers tend to prefer 
0, 2, and 8 as a final digit. The digits 1, 3, 4, 6, and 7 were almost 
universally avoided. Sometimes the digit 5 was used frequently; in 
other cases it was not. The same is true of the digit 9. Various types 
of body measurements — head lengths, head circumferences, and lieights 
— and even ages taken from census returns sliow the same tendency. 

Conclusions about number preferences. We can make certain gen- 
eral conclusions about number preferences among people on the basis 
of such studies. (1 ) Most people have number preferences even if they 
think tliey are highly trained in the use of scales. (2) Nuinher prefer- 
ences tend to be higlily pcj’sonal. Different people havo different pref- 
erences. (3) Any one individual is very consistent in his number 
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Data. One study ^ was aimed at just this qiiestion, althotigh a lot of 
othc]' scale intervals were also used. The whole list was 1 ,000, 2,000, 
3,000, 4,000, 5,000, 6,000, 7,000, 8,000, 9,000, and 10,000 yards and 2.5 
miles. Tlie radar operators in this experiment had all the time they 
wanted and were tuld to estimate tlie positions of targets as acourately 
as they could. The results were quite consistent. The 1,000- and 
10,000-yard scales had the best percentage accuracy. Actually we 
should not be too surprised at this finding because we are used to 
dealing with a decimal number system all tlie time. And the 10,000- 
yarcl scale, of course, is the same as the 1,000 with another 0 added to 
it. It is interc.sting, however, tliat the next l)est scale interval was 
2,000 yards; then came 5,000 and 4,000. After that, tlic (M’rors began 
to increase considerably. Nine thousand, 8,000, 6,000, 7,000 and 3,000 
were bad, and 2.5 miles was tlie worst. The 2.5-mile scale, in fact, 
gave errors that wore nearly twice as great as those witli the 5,000- 
yard scale, although both measured the same distance. 

AVe do not know wliy some of these numbers are harder to work 
with than others. It may be that some numbers arc harder to sub- 
divide, or some nuniboi's arc just plain awkward. But you will agree 
that the numbers on a visual display affect the precision of your judg- 
ments. 

Another study. A related study ^ compared scale intervals of 5, 10, 
and 20 miles and used only two range rings. Targets appeared at 19 
positions between markers — ]4o) /4 ot %(h of distance 

between two range rings. In this study, the 20-mile scale came out 
slightly better than the 10-mile scale, and the 5-ini!e interval was the 
poorest. The reversal between the 10- and 20-milc scales may have 
been due to the fact that somewhat larger disjilays were used, 
saw in the last chapter that accuracy of interpolation depends on the 
distance between scale markers, At any rate, this reversal of the two 
best scales is not too serious. These scales are still better than any 
of the others. 

NujMBEiis Fon Scales noi* KEOciRrisrc iNTERpoLATioisr 

In the experiments we just reviewed, the observer had to interpolate 
between two markers. A target or point could appear anywhere be- 
tween those markers. There is another very large study on the effec- 
tiveness of various scales when no interpolation is required. Hero a 
pointer comes to rest exactly at a scale marker, and the observer has 
to figure out what that marker is* 
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/L by Vcrjion. dul Ivy uwt all ^^evu\uUv- 

lions of st'altis ami iiuirker.s, but slic did try out a lot of dilVorciit ones 
— SO in all. In her cxponmciits 2d RAF ]>ilots had a 2-Beeond {vlancc 
at each of the different sralos. The pointers always fell exaeily on 
one of the markers so that their only job was to i\ir,u]T out what the 
reading was on that particular scale. 
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cxporimoiit. 


Vernon's cxporiinoni was pretty complicated, ]5ut let us see if we 
can describe tlie kinds of scales she used. First, slio uscmI both straight 
and circular scales. Figures 75 and 76 show us only small parts of 
both kinds. In one part of the expcrimenl^, she kept the number of 
scale ill'vlslons consinnt (10 toy the straight ricaloB, 5 tov Uu; clmAar 
scales) but varied the scale numbers. In Figures 75 and 76, the scales 
labeled A arc examples of this. Notice that the number of scale divi- 
sions between numlmrs is the same. The thing that is different is the 
n\uiib(M’a on the scales. 

In another part of her experiment, she kept the scale numl)ers con- 
stant (100 for the straight scales and 10 for the circular scales) hut 
varied the number of scale divisions. Some samples of (liesc scales arc 
shown in the sections labeled B in Figures 75 and 70. In all, she tried 
2, 4, 5, 8, or 16 scale divisions between each pair of ninribors. 
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Decimals versus whole numbers. The first major conclusion that 
was reached from her data was that scale numl)ors that arc decimals 
are miicli harder to wtjrk with than tliose numbers that are not. Thi.s 
was true for all numbers and for both the straight and circular scales. 
Scale intervals like .01^ J, .02, and so on were much harder to road 
con'ectly than scale intervals like 1, 10, 2, 20, and so on. One other 
thing: If we have to use decimals on scales, we should not jnit a 0 
in front of the decimal point. We should use .01 or .1 instead of 0.01 
or 0.1. Altliough many mathematicians like to have that 0 tliere, it 
is very confusing to the people who have to read scales fast. 

i\^}imbers for scale intervals. The next important finding concerns 
the number assigned to tlie scale intervals. Since many of the num'- 
bers are wry much alike, Vernon grouped her data as sliown in Fig- 
ure 77. Sim figured, and pr(>t)al)ly rightly so, that changing a nuini)er 
by 10 docs not make the mental j:)rocesses any different. The first 
impression you get from looking at Figure 77 is that some scale num- 
bers i)roduecd a terrific nuinher of errors, whereas others were fairly 
satisfactory. The best scale numbers are multiples of ten: 1,000, 100, 
10, and so on. Scale intervals in 4^s are about tlie most difficult. 

If you look at Figure 77 more closely you will also notice some sur- 
prising differences between the straight and circular scales. Scale in- 
tervals in 5^s arc good for the circular scales and bad for the straight 
ones. How docs this hajipen? Look hack now to Figures 75 and 76. 
There you see that Vernon used 10 scale divisions between numbers 
on the straight scales and only 5 scale divisions between numljcrs on 
the circular scales. Thus, in terms of scale divisions, the “5's'^ circular 
scale and the straight scale, arc the same — all of which may 

make you suspect that the value of the smallest scale division, as well 
as the size of the scale interval, is also important. 

Number of smallest division. To look a little deeper into this matter 
of scale divisions, we have regrouped Vernon^s data according to the 
muncricnl value of the smallest scale division. You sec these re- 
grouped data in Figure 78. A straight scale with a scale interval of 
20, 2, .2, .02, or .002, for example, would have the smallest scale divi- 
sion equal to 2, .2, .02, .002, or .0002. A circular scale with a scale 
interval of 1,000, 100, 10, 1, .1, .01, or .001, on the other hand, would 
have the smallest scale divisions equal to 200, 20, 2, .2, .02, .002, or 
.0002. Now you can see that fewest errors occur when the smallest 
scale division is in the decimal system. Scale divisions in 2^s are not 
much worse. Scale divisions in 5's are bad; and scale divisions in 4's, 
25 's, and 8's are veiy difficult, 
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Number of scale divisions betiocen numbers, A ^cmkm'uI cunolusion 
that RceniR jtisl.ifiod on the l)asis of tlu* second part of Vernon’s work 
Unit 8 and Ifi scale units liotwcen minihoiTd markers are luird to read. 
Two scale units In'tween iiunilxTed nuirkc'rs are easy if enouj^h room 



Fia. 77, This fi^nro shows Hint tho nuniboV of errors ina<lo in reading a senlo 
depends on tlio sealo interval used. Tlio seule interval rohavs to tho munhors 
marked on the sealc, as in Figures 76 and 76. (After Vernon, 1046) 


is left between the numbered markers. Four scale units arc satisfac- 
tory also. This is one instance whore a scale with Hie smallest division 
equal to 2.5 is all riglit. The second scale from the tup in the right- 
hand column in Figure 79 has its sinnllest (livisum ocpuil to 2.5, but 
it was easy to read. The fifth scale down from the top in tlie left- 
hand column of Figure 79 also lias tlio smallest division (‘(pial to 2.5, 
but it was hard to read. This, incidentally, is a good illustration of 
one of those interactions vve discussed in Chajiter 3. 
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Five scale divisions arc difficult if the scale numbers run 0, 40, SO, 
120, or 0, 2, 4, 6. They are easy to read if the scale numbers run 0, 10, 
20, 30. Ten scale divisions between numbered markers are hard tu 



.ImOImOOI, .2, .02, .002, .05, .005, .004, .000-1 .025, .008 

.0001 .0002 .0005 .0025 

Value of smallest scale division 

Fia. 78. This figure shows thiit I ho iiumbor of orrors run do in reading a scale 
dopeiuls on tho inimevical viiluo of the smallest scale divi.sioii. (After Vernon, 

194G) 

read fur scales like 0, 25, 50, 75, or 0, 5, 10, 15, Init are easy for scales 
like 0, 10, 20, 30, or 0, 20, 40, 00. 

Examples of good and lyad scales. Perhaps tlie best way of sum- 
marizing the results of this study is to show some examples of good 
and bad scales. We have shown a number of l)otli kinds in Figure 79, 
In general, tlie relative difficully of these scales is about the same if 
we multiply or divide the scale numbers by 10. This means that tho 
top right scale would be easy to read even if the numbers went 0, 1, 2, 
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3, 01' 0, 100, 200, 300. 'J’lu! same ia true for Uic oUior scales. Of 
courfj«, tlic bo.st designs shown luii'c for straiglit scales arc also the 
UcsO for dvcular scales. 
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Pig. 79. Iltn’o ar<* Home? oxani|>l('H of anJe's tliiH, urei liiu’ei lo n'lul, aiul Homo Mitif 
ni’o oi^wv io JTJul. Tn ^oneTal, \\v Mio Hunu' rolat.ive' etiilicully if \vt^ iiniliiply or 
all ilH‘ iiuinla'i'H l)y 10. (Aftor 10-15) 

LEGIBILITY OF NUMBERS, LFfTERS, AND SYMBOLS 

A very important factor in most visual displays is tlic legibility of 
the luunbers, letters, and synibols used. Tn Clia))tcr d we talked a lot 
about visil)iliiy and visual acuity. This discussion, however, was 
largely oriented toward the purely physical and physiological aspects 
of these proldems. It turns out that there are sonm iinimrtant ])er- 
ceptual problems involved in legibility too. Even if we take a gi’oup 
of letters, all the same sisjc on the same background, with the same 
degree of contrast and the same illumination, we can read some letters 
better than others. Capital O’s and Q’s, for example, are very fre- 
quently confused when they arc seen at, a distance, A^s and V^s, on 
the other hand, arc jn-actically never eonfu.'-^ed. We do not need a 
coinpliealed analysis to understand right away why this ia so, 

Legibilitv of 'J'ypk 

Most of the work on l(!gibility has boon done with diftcrent kinds of 
printer’s type. Reading is a visual task which most people in the 
United States indulge in from the time they are 5 years old, Tiic 
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Legibility of Type 

problem of finding wliitdi kind of type is easiest on young eyes as well 
as old ones has interested psyo bo legists, ophtluihnologists, printers^ 
and teachers for many years. Out of a lot of research, we can make 
some tentative recommendations. Our summary of these recommenda- 
tions, as a matter of fact, is taken from the bonks by Paterson and 
Tinker and Lucldesh and Nfoss. 

Styles of type face. It seems that we can road tyj^c styles that go 
by the names of Guvamond, Antique, Scotch Roman, Bodoni, Old 
Style, Modern, Caslon, Cheltenham, and Kabel Light all about equally 
welk This book is printed in Linotype 21, winch is a Modern face. 
American Typewriter type — ^jusi like we have on typewriters — defi- 
nitely slinvs m down. Of the types that Paterson and Tinker studied, 
the only other style that is dilTicult to road is Old English. This kind 
of ly]»e has so many angles and curlyoues tliat it slows readers down by 
about 14 percent. 

Type }orm. We read material in ca]>it.al letters much more slowly 
than material in lowci-case jn’inting. Uesults of objective tests on 
this point agree with how readers feel about it. Alost readers defi- 
nitcl}’’ do not lik(3 to read material printed entirely in capitals. The 
reason is probably that we destroy word form when wc use capitals. 
If we take another look at the word destroy, wc will notice tliat the 
and "y” stand out because they arc cither al)nvc or below 
the body of the word. When we ])nnt DESTROY in capital letters, 
however, those cues are lost. All in all, therefore, a safe rule is tlmt 
we should AVOID PRINTING IN CAPITALS. Bold- face typo is read 
about as well as ordinary type. Most people, however, do not like to 
read type in this form, and it is probably wiser to restrict the use of 
italics and bold-face printing to short sections which require emphasis. 

Type sizCf line xvidth, and Leading, Conclusions about type size, the 
width of the printed line, and leading (the amount of space between 
lines) arc very complex because all these factors arc interrelated. The 
best type size for one width of line is not necessarily the best size for 
another width. Also the best spacing between lines with one size o£ 
type is not necessarily the best spacing to use with another size of 
type, When the best line widths and leading are used in each case, 
however, it appears that 9-, 10-, 11-, and 12-point ty])e sizes arc about 
equally legible. Speed of reading is slowed with 8'pomi type and 
markedly slowerl with 6-point type. The conclusions on tlicsc points 
arc all so complicated that you had better look up the book if you 
arc really interested in getting the best possible arrangement for 
])rintcd materials. The text type in this book, by tlie way, is 10 point. 
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Color of priul (uul barh(jro}f)ul '['lie hist series of (‘oncliisions \vo 
shal] disnuss )]ere eoiu'enis IJie of prijil iis a fnortion of color. 

Pnforson and Tinker definitely fiiicl iliat l>lHck j)rint on while is iu<)re 
legible than wliite on l)laok. Tliey find white on black to bo so illegi- 
ble, in fact, tliiit they reeonimeiid tluit this combination stioiild never 
he used wlien‘ reudahilitji is iinporlani.. They also tried a number of 
different colored inks on dilTorent colored jiapers. TIu' inter(‘stinf^ 
thing liero is that the colors liy thenuselves are not very imporlani. 
The really important thing is the lunoimt of brightness contrast be- 
tween (he letters and their backgrounds. Many colored inks arc iiot 
very reailahle simply because we cannot get umcli contrast heiwoen 
them and the pai)er. So lu're again wc see that our l)asic. information 
about seeing applies to a pratdical jiroblem of legibility. 

Sidtunarp, Ycjcr ca/i see hy now ihiU thn Hcktiitisi, can contn/ufto a 
lot of very useful information about the legibility of type for iwactieal 
reading i)rohleins. Actually, our summary here has touched only the 
high lights of this interesting work. There are whole hooks on this 
subject alone. But wo must leave these studies and turn to some otlier 
problems of legibility more directly etmeerned M’ith visual displays in 
man-machine systems. 

LncmuLiTY of Tsouatko Symuot.s 

For all their value in tolling us how to make l)ooks more readable, 
the work wo luivc just reviewed <loo.s not give us final unswcu’s to many 
practical problems. For that there are four reasons. 

The kind of matened. The first reason why sUidies on the readabil- 
ity of type do not solve all our problems is that the seeing problems 
we encounter in reading are not the same as in most visual display 
problems. In ordinary reading you do not really see iudiwidual ht- 
ters. You read hy words, and souielimes gruiKis of worils, which you 
take in at a single glcnce. If you read this paragrapli very rapidly, 
you perhaps did not catch (he five mistakes in the last two scntonc'os. 
In one psychological experiment, for cxaiiijile, words like “Wood.son 
AVilrow” and ‘^psychment dcpartology'^ were exposed for very shall 
times. The subjects in tliis experiment had no difficulty at all in re- 
jiorting that they saw ^‘Woodrow AVilson*^ and ^^psycliology depart- 
mentd' The point is that the total context of all the letters and words 
helps us U) road rapidly. But many visual displays do not have wluile 
Words on them. Bials, for oxainplo, have single numbers with no c<)n« 
text to help us fill in the meaning. Whenever single letters or num- 
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hers are used on displays, the legibility problem becomes more difficult. 

/voids 0 / seeing; cojidi^jons. The second difficulty with reading ex- 
jjei’iments is that tlie seeing conditions are good. The experiments by 
Paterson and Tinker, for example, were clone with the reading mate- 
rial ill good light and at a normal reading distance. These conditions, 
unfortunately, are not always met with moat yisuni displays. Instru- 
ments and dials sometimes have to be road when the light is very 
poor. Aircraft status boards, plotting boards, and liighway signs have 
to be read from great distances. For many types of visual display, 
then, we want to get tlic maximum legibility of single letters or sym- 
bols under unfavoraiile conditions. 

Kinds of perjormance measured, Tlie third difficulty with many of 
the experiments on reading is that we cannot be sure tliat they used 
measures of jKTfonnance that are relevant to our purjioses. Paterson 
and Tinker, for example, used very short reading periods — about 2 
minutes — in their experiments. It is quite possilile that their conclu- 
sions niiglit have been altered if tlicy had their subjects read for an 
hour or more. Furilicr, their tests were primarily concerned with the 
speed of reading and . did not measure other important factors, for 
examiile, comprehension. The experiments by Luckiesh and Moss 
rely heavily on the rate of eye blinking as a measure of the relative 
readaliility of various kinds of type. But it is difficult to sec what the 
blink rate has to do with legibility, and, as a matter of fact, recent 
experiments by other investigators throw serious doubt on the validity 
of the blink rate for studies of this sort. These few criticisms are 
enough to show you that the oxi-jcriments to date did not measure as 
many things as wc should like to have measured. 

Basic studies i>ersiis comparative tests. The fourth objection to ex- 
periments on reading brings up the distinction between basic research 
and comparative tests. Most of the research on the legi])ility of type 
compares existing type styles. These studies take the kinds of type 
already in use and compare them in icrins of readability. At tliat, these 
studies have compared only a dozen or so out of a liimdrod or more in 
existence. But these arc not basic studies. They do not get at the real 
factors that make symbols legible. It is possible, for example, that we 
might dc.sign a kind of type that is a lot more legil)lc than any now in 
existence. But wo need the basic studios to tell us how to,do it. All we 
can tell from the .studios of Paterson and Tinker is that certain kinds of 
type are more j'eadable than others. We still do not know whether they 
arc the best possible kind of type. 
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Theso ohjiTlions arn very import ant ones. Under the oircumstances, 
^Ye had bellev lake nnntUev look at ti\e leplnUty pvol>lon\, 

/<''ao^o?\s affectimj symbol Ivyibiiify, When wo start invosti^al-in^^ 
tliis probhnn, wo find that tlio simplicity ot a nuinl)or or letter mark- 
edly affects its legibility. I^ifforent amounts of shading, and different 
numbers of hair lines in numbers also make; them Imrder or easier to 
read. So docs the amount of wliite space included within the outline 
of numbers and symbols. And finally, emphasizing certain parts of 
numerals and symbols will make them much mor(3 rcn<lai)le. The B, 
for example, is a lot more legible if we put a little overhang on the 
top and l)otioin. The sajue is true of the h‘Uer D. \Yc am make it 
easier to distinguish 0 and G if wc have well-marked gaps in the let- 
ters and put a well-marked cross-piece in tlie letter G, The Q needs 
a dcliiiile strong oldique stroke so wo will not confuse it with tlie let- 
ters 0 or C, and the \V needs a high center prong so it will not look 
like an M. S is a difricult letter no matter what we do. It is always 
being confused with other letters. 

A comparison of leticr desiyuH. As an illustralion of the importance 
of these factors, wc can cite an experiment by Mackworth,^'* a British 
psychologist working at Cambridge. Tie was intero.sted in im])r()ving 
the legibilily of letters and numbers on sector maps usc<l for air rai<ls. 
The letters and miinbers (>n the upper half of Figure 80 were the 
kind in use when ho made his investigation; those in the l)ottom half 
were the ones lie designed. Since these sector disj)layH were often 
viewed across a large room, he ran tests at 25, 30, 35, and ^10 feet. The 
a^'erage misreading errors at every distance are much lower for the 
new design (see Table 10). But for our purposes here it is important 

TaCLK 10. AvSUAOIC PlOIK’MNTAfJK OK MaDS IN RhaDINO TUK liim'JilRS 

AND Ncmmkiiw in PiguiU'J 80 AT Vauious J^imtancuh 

ARer liarllotl uiui Mackworlh, 1950 

Viewing distance in feet 
26 30 35 dO 

Old design 5.2% 12.5% 20.0% 88.7% 

Now design 1.0% 5.3% 12.5% 22.5% 

to notice the design changes that brought about tin' improvement. 
Have soineono Imhl Figure 80 far ('uough away so tlial. you can just 
barely see the letters. Then sec how much easier it is to tell the diircr- 
enco between the '‘0” and the and the “G^^ and 
Then notice how this increased Icgilnlity was produced — by a strong 
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oblique strc^kc on the Q, a heavy bar on the G, a large gap in the C, 
and so on. A combination of little things like tiiesc can improve legi- 
bility a great deal. 



Fkj. 80. These are the old and new designs of letters used by Mackworth in his 
experiinoni. (After Bartlett and Mack worth, 1960) 

T/ie best stroke width. Another factor in the design of letters and 
numbers is the stroke width — the width of the lines used in the letter 
or number. Table 11 shows the heights and stroke widths of some 
letters used in one study. The stroke width of the series B letters is 
one eighth of the lieight of the letter, and in the scries D letters, tlie 
stroke width is one sixth of the height of the letter. Figure 81 shows 
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TAiHiH 11, IbiKMi-r AND Stiiokr Wiivni or Two Hdth or SvMiioDa Ubud in a 

yrUDY OK TIIH I.MOimiATY OK IllOMWAY .SUINH 
I'^om Forbus a mi TI()lnH\s, 1U81I 
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nil night and in 

they wore floodliglilod with artificial illuminatiim, Notico llnit thickia* 
Korics /> lettei’s can alwaya ho seen farther away than the thinner 
letters and llmt day vision is always hotter than night vision, as wo 
might expect. 



UtlGr height in Inches 


li’icj, 81. Tlu‘.se fjiirvos .siiow how oasily Iwo diiTeronl/ letloi* (!csir;ns 1)0 vccog- 
nizod at night anti in llui diiytiino. Artificial illutninalinn was iiisod at niglit. Tho 
series D loticrs had tluclcer linos than soric>s /i. (After l*’ovl)es and Holnios, 11)39) 


In another studyd* various stroke widtlis wore eoniparod when all 
letters had the same height. H'he best stroke wi<IMi was 18 percent of 
the lidglit of tho letter, which corresixinds very closely to tho orie- 
sixth height of the scries /) letters in Figure 81, 

T/ie most legible 7iinnbe3’S. AnoChev sevies of expevhneuts done by a 
psychologist at Cornell was concerned with tlic legibility of niunbers 
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on antom<)l)ile license plates. All of the numbers he nsecl had outside 
dimensions of 42 x 80 inillimoters, and he compared the iniinbcrs 8, 5, 
and 2. He used cmly these three numbcr.s because they arc usually 
the hardest to irientify correctly. 

His results feu’ daytime seeing are shown in Figure 82. The stroke 
width of the lettci-s is shown on the abscissa, and the distance at wliieh 
the numbers could be read is on the ordinate. These data show that 6 



0 3 6 9 12 15 18 

Stroke width in millimeters 

Fm, 82, This fignro shows how tiloscly we have to io l)Uic!v or wliite niini- 

bei’s to roar I them m <lay light. The abscissa shows the width of the lines used, 
and the ordinate shows how close an observer must ho in ordc'r to recognize the 
number. The heigiit of the nunibei's was 80 inillimoters. Notiro tliat the wliiio 
numbers against a black background arc more easily seen than the black unmhers 
on a white backgroiinth (After Berger, 1944) 

millimeters is the best stroke width for white nunil:)cr.‘s on a black 
baokgrotmd, but that 10 millimeters is the best wiilth for black letters 
on a white background. Notice especially that the white numbers on 
the black background can be recognized farther away than the black 
numbers on a white background, even when both have the best stroke 
width. 

Numbers at night. In a second experiment, this psychologist com- 
pared different stroke widths for numbers seen at night. Some of his 
numbers were illuminated from behind (luminous), and others were 
illimiiimted from the front. Figure 83 sliows the best stroke widths 
for those letters. The luminous numbers can be seen better than those 
illuminated from the front, but they also need a much smaller stroke 
width. 

After having clone all this research, he constructed what he considers 
to be the best numbers for daylight and night use. The daylight luun- 
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bcTs arc shown in Figure 84, aiul ilic luniinouH nuinlK'rs foi* nighi use 
arc ill Figure S5. The jihulor did not make n mistake— hinnnous 
numbers arc more legible at night if tlioy are thinner. 

Angle of vieumuf. Another factoj aHVetiiig the legibility of sym- 
l)uls on visual displays is the angle at which they are viewed, As a 
principle, applying to visual displays in general, displays should bo 
jilaced poriiendieular to the line of sight of the i)eopl(i who luivo to see 
ihoiiL Tins is a simjile enough principle, but it is very frecpjeniJy 



0 2 4 6 8 10 12 

Stroke width in millimeters 


Fk 3. 88. Tins figure slu)\v.s how cloHt4y wo hnvp to stiind to luminous ami while 
iliuminiih'il nuinhers to m-ognizc thoiu iii night. This ligure (‘un hv iutm’protod 
tlio .saiin* as Figure 82. Notice that the luminous miinlxM'.s can l)e n'eogni'/c'd more 
(‘usily tlntu tho ilhnninnt(*(l nuinljors, imt Uuil limy require a smaller stroke width. 

(After Berger, 1944) 

overlooked. There are three reasons for following this rule: (1) Dis- 
plays that arc viewed at obliciuc angles are seen as distorted. (2) 
Parallax errors occur Avhon jiarts of the display are not in the same 
plane. In order to counteract llie parallax, higli-jireoision meters have 
scales backed ivitli mirrors. The mirror helps the observer to locate 
precisely the eye point that is exactly perpendicular to the scale. (3) 
Letters and luinibors are read most easily when tiiey are viewed per- 
peiidicidarly. 

Data on the last ))oint come from the study by Mackworth which 
Ave mentioned a mcnnent ago. In Figure 8G notice that Mackwortlds 
improved design of letters and niunbcrs was conHislently ])etter than 
the old design iit all viewing distances and at all viewing angles. No- 
tice, hoAVOver, how the reading errors increase for both devsigns as the 
viewing angle changes from 90 to 35 degrees. All ilie advantage of 
the improved Icttci' design is lost when the letters are seen at an angle 
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as small as this. Tho conclusion, therefore, is clear: We get best legi- 
bility when tlie display we are looking at is perpendicular to the line 
of sight. 

Further research needed. The problem of legibility of single num- 
bers and letters is by no means solved. \Vc have just begun to make 
some progress in this direction. The results of the studies wc have 
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Fig, 84. The moat legible kinds of 
numbers for day vision. (From 
C. Berger, Stroke width, form and 
horizontal spacing of numerals as 
determinants of the thre.shold of 
recognition, J. appl. PaychoL, 1944, 
28, 208-231, 336-346) 



Fig. 85. The most legible kinds of 
hnninous nuiiibcrs for night vision. 
(From C. Berger, Strok ewidth, 
form and horizontal spacing of 
numerals a.s tlclorminants of the 
thre.'^hold of recognition, ripp/. 
PsychoL 1944, 28, 208-231, 336- 
346) 


been able to summarize are all too restricted in scope. They have not 
varied enough of the critical factors to enable us to emerge with some 
really basic generalizations. AVe need to have more basic studies, for 
example, iu which the height of symbols is kept constant while the 
width and stroke witltti are varied in different combinations. It is 
possible that there arc some important interactions here that we do 
not know about. It may be, for example, that one stroke width is 
best for a particular overall width of a letter but that another stroke 
width would be better for another overall width. None of the studies 
we mentioned tried varying tlie width of the letters or numbers. 

Wc need to imve more basic studies on the effects of things like ein- 
pliasizing certain parts of letters or numbers. Most of the symbols 
that have been used so far have tlic same stroke width all over. 
Maybe the vertical lines need to be heavier than the horizontal ones. 
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Or vice versa. We need to bavo more rcsoareli on the influence of 
“overhangs” on eorluin letters, like the B and D, and on the width 
of the wliite space in such lcti('rs us (he O and (h And, finally, wc 



Fig. 80. Tlu\se carves show liow a may (mtui's un; luiidc ia rciidiap; Ict.tcrs at dif- 
foront vie win clishuico.s iinil aaglrs. The old and Ufnv designs arc l.lio.sc si town in 
Figaro 80. Notion Mint the now design gives consif^toidly hnvea’ vYrom l)ul also 
that errons ima'caso i\ groat, deal when wo view the lei. tors from tla^ side in.stojid 
of from (ho front. fAftor Burllotl and Mackworth, 1050) 

need to have basic research on symbols oilier than letters an<I num- 
bers, like arrows, dashes, plus marks, and so on. This is a big order. 
But until we have this information we will not be able to tell you how 
to design the best possible symbtils for visual dis\)lays. 

tablrs, graphs, and scalps 

In many man-machino syslonis, the opei’ator must be able to get 
precise numerical data of various ports. The fliglit engineer, 1)0111- 
bardier, and navigator freciuontly need different mathematical func- 
tions in order to perform tlieir flight duties. ICngincers and inspectors 
in liigh-ju’oduction manufacturing plants must also rehir to numerical 
data frcquontly. PreseiUations of nmnorical funoliouH constitute 
visual di^pU\.ys as uiud\ aa any of tUo oUwv of dlwplayfe we 
have been discussing. And they constitute legitimate cpiestions foi’ our 
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The Design oj Graphs 

research men. Is a table better Ilian a graph for presenting iiuniorical 
data? AVluit is the best design of graph or table to Ui>e? And so on. 

Till!) Dksign of Graphs 

The rnbng of graphs. 'J^lie first rpiestion we might ask about the 
design of graphs is: Docs it make any difference liow many lines we 
put on tlio grai)h? Jn Figure 87, for example, arc two graphs of the 
equation, Y == where C = GO, 70, 80, 90, an<l 100 degrees. Al- 

ihougli it is not essential for our understanding of the problem, wo might 
explain that A" represents indicated stress, Y indicates actual stress, and 
C I’cpi’Gscnls various parameters of temjKwatnrc in degrees centigrade. 
The graph on the top was drawn on 20x 20-Iines-to-tlie-inoh grajfii 
paper. The graph on the bottom was drawn on 4 x 4-lines-to-tbe-inch 
l)apcr. 

Seventy subjects were asked to solve three different kinds of jirob- 
lenis on these graidis. First, they luul to solve problems in which the 
A" and Y vahies fell exactly on one of the curves shown in the gi‘ai)li. 
'Idle second type: of i)rol)Iein rc{|uired single interpolation: Either the 
X or the Y fell exactly on one of the curves, but the other value had 
to be inlerpolaicd. The tliinl tyjie of problem mpiircd a double in- 
tcrpnhil.ioir. The subjects batl to interpolate both for the X and Y 
between curves on iho graph. The main result was to show that we 
ean goi. informat-ion j\^st as accuvnlely from one graph as the other, 
l)iit we (aui get it (‘oiisid('ral)ly faster from the gnij^h with fewer rulings. 

We can say, then, tl\at a large number of rulings on a graph will not 
imiirove the speed and accuracy with which we can use it, It is inter- 
esting to nolo that this is pretty much the same kind of result wc dis- 
covered when wc studied dials. It looks as though too many lines or 
markers on a scale create more confusitni than accuracy. If we have 
a few more studies like this, we may establish an important general 
priuciidc, 

Coordinaies. Another question we can ask about the use of graphs 
is ^Y])etller or not it makes any tliffcrcncc if the A of graphs is along 
the abscissa, that is, the bottom, or along the ordinate. Usually, you 
enter the grai)h with a number on the X axis, and read a number from 
the Y axis. Actually, exj)erimeiils have shown that it makes no differ- 
oneo whether we read from the abscissa or the ordinate. We can got 
tlie information just as rapidly fi‘om the bottom or the side. 

Bar graphs versus other kinds of graphs. In presenting tlio data of 
siatislkjal analyses in financial reports, statisticians have a choice of 
several different kinds of graplis. They may use bar diagrams, cir- 
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Tables vei^sus Graphs versus Scales 

cles, squares, or cubes. Those different possibilities arc shf)wn in Fig- 
ure 88, Circles, squares, and cube.s are frequently used because they 
look nicer and make a more interc^sting report. But, if we are inter- 
ested in the accuracy witli which we can read different kii\ds of sta- 
tistical data, then tlie bar diagram is easiest and most accurate to 
interpret. Circles and squares are about equally suitable, but both are 
inferior to bars. Cubes are the wor.st of the lot. The reason is that 
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Fig. 88. Thesp four iiiothods of proM-'nl duLa uH tell the same thing: MaAiiiie 
B produced twi('e as much as machine A. Does ihe sqnan^ circle, or cube for 
macliine B look twice as big as the one for machine A? Rosearcli shows that the 
bar diagram at the top is the best wa}^ of enabling us to see relative magnitude.s 
accurately. (After Croxion and Stein, 1932) 

wc have a hard time judging the relative sizes of circles and squares. 
A circle which has half the area of another circle does not look as if 
it is one half as large. Of course, if you are the president of a large 
concern, and want to impress your stockholders with a nice-looking 
report, you may still want to use circles or squares, rather than bar 
diagrams. Bar diugrams flo not lot>k so jn-etty as circles or squares, 
even though they do pre.sont the data more accurately. 

Tablks VEitSTJs Gkaphs versus Scales 

Another question we might ask about the presentation of numerical 
data is this: Docs it make any difference if we present the data in a 
graph or a table? Still a third possibility, shown in Figure 89, is to 
use a series of scales. How do the scales rate in comparison to the 
graph or table? The table, gra])h, and scales all present the same in- 



Jig. 89, Tlu.s i)lu.s(rat<*s how uurviliucar rehitions van ho proton lot 1 on 

scales. Eat'h scale is for ii tlilToroni loinporal.uro as indicalod. Tho mi m hors on 
the left side of tho scales slmw th<* iiidioated stress, and tho iiunihor.s on tin* rigid, 
side sliow aeliml siros,s. (After Connell, 1947) 
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formation, and the question is: Which (nio onahlen ns to get tlie in- 
formation fastest and most accurately? 

Tables and graphs. The results of research on this problem 
arc fairly clear-cut. The conclusion is that it is a lot hotter to use a 
table tliai) graph, providing we can get all of our data into the table* 
In general, a large table, even if it runs to several pages, is mu(‘h bettor 
to use than a (‘oinplicatcd graidi with a large number of curves on it. 
This conclusion is valid so long as /he table contains all of ike values 
that will he used ui normal practice. If, on Llio other haiul, we have 
to make a large number of interpolations, the graph works hotter. If, 
for example, the temperatures come at odrl numbers wliich do not 
appear or which cannot i)c tabulated in the tal>le, then it is a hji more 
efficient to use tlie graphic type of })resenlatioii. 

Scales. Tdkewisc, scales are better than graphs if we do not have to 
iiiierjiolutc. If we must interi)olate ))et\veen markings, then tliere is 
no difference between scales ami graj)h.s in terms of speed and ac- 
curacy. In such a case, whether or not we use a scale or grai>h must 
depend on other things such as the amount of sjiace we have or the 
convenience of using one or the other. As a general rule, however^ 
both scales and gra])hs are better than tul)les whenever we have to 
intcri)olate. 

WARNING LIGHTS 

In the last chaj^tcr, we talked about different functions that instru- 
ments serve. We jminterl out that, in the simplest case, instruments 
present us with either-or information: Is something working, or 
isn^t it? Everything is working fine, or wake up and do soinething. 
In presenting eithor-or information, we could have a light change 
its color, its position, its size, and so on. In one position, or wiili one 
color, the indicator would moan one thing; in the other i)ositi()n, it 
would mean something else. A much simpler arrangement, and in 
most cases a completely satisfactory one, is to have a light simply 
stay off for one kind of information, and go on for the other kind of 
information. Although we have labeled this section “warning ligljts,’^ 
we are talking about the presentation ()f two-caiegory information in 
general 

You might suppose that we would have a lot of useful information 
for tcdling us how to design the most effective warning light. Actually, 
this is not the ease. We can ix)int to only one very small study at 
the University of Maryland.^^‘ 

The psychologist who did this study was interested in finding out 
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what kind of a light would ho most cffootivo in a((raoting an o|)('ra- 
tor's atfoniioii wlicn the oporntor was doing sni nothing olse. Tho opor- 
ator, in this oaso, was mpiirod to work a coinplioatod gadget used to 
sedeot aviation cadets. From time to timc% a light would go on in the 
edge of the subjeet’s field of view. As sotjn us the operator spied tiie 
light, he had to flip a switch. There were three differently colored 
liglds, red, green, and amber, located at 30, 45, aiid 60 degrees from 
tlie subject’s line of sight. Experiments were flone under both daylight 
and night Cf>uditious, with steady and flashing lights. 

Results, First, it was foumi that subjects respond faster under night 
conditions than under day comlitious. Tlii.s is rcasonahU* sinc(^ there 
is a lot more contrast l)etween liglds and tlieir backgrounds at iiiglit. 
And, as we saw in C’lm]iter 4, speoil of vision and briglitness contrast 
are directly related. 

Tfie s(‘<‘{)nd finding was that reel lights arc more effective tlian grecni 
liglds, ami green lights, in turn, arc more efYective than amber lights. 
These <lifferences bold up under ])otli day and night, conditions. 

'J'tiinl, lights in the 30-degree position arc l)etlcr than lights at 45 
degrees, and lights in the 45-dcgrce position are also better tlian tlioso 
at 60 degrees. It looks as though the host warning light should be 
close to tile central line of sight. This study, unfortunately, did not 
try any lights closer tlian 30 degrees, and so wc are not sure that 30 
degrees is the best posititni. 

The final point of interest is that steady lights arc more effective 
than flashing lights. At first glance, this seems to contrailict a basic 
law of attention: moving nr changing stimuli arc more effective in 
getting our attention than steady stimuli. It is also gonernlly known 
from psychological experiments that, if we use certain rates of flashing, 
we can inuke a light seem downright annoying. Wc must not feel, 
therefore, that the question of steady versus flashing lights lias been 
completely answered, Peihaps with a more strenuous experiment, 
wiih the subjects very drowsy, and with tho right kind of flashing 
light, this part of tlic experiment might have resulted differently. 

Patterning of lights. When wc were, talking about dials in Chapter 
6, we found that [patterning could be useful in helping us size up a 
complex flisplay rapidly. The same principle should also be helpful 
in using large groups of signal lights or warning lights. 

The commander on a submarine tins to bo sure the sub is J‘igged for 
diving licforc ho gives the command to “Take 'er down^^ lie has to 
be sure that the hatches are closed, that the Diesel engines are turno{| 
off, that the ballast tanks are just right, and so on. To helj) get this 
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information to the coiamander, submarines arc ef|in]:>pc(! with wlmt 
is known as a submarine-1 lull-oponing iinlicator board, mure popu- 
larly termed the “Christmas tree.” AVIien the sub is lying on the sur- 
face with all hatches open, two strings of red liglits are on at (he con- 
trol station. As each specific part of the j(jl) gets done, the red liglits 
turn off, one l)y one, and green lights come on instead. The patterning 
is simple enough, the red lights are lined up in two rows, and the green 
lights are lined up underneath tlie red JigJds. When the ship is rigged 
for diving, the commander sees two rows of green lights and no red 
lights. A simple but apparently effective display system. 

SUMMARY 

It is a bit difflcult to write a neat summary of a chapter as <li verse 
as this one. Here we have discussed several different problems we 
find in various visual display systems. The disi)luys themselves are 
so varied that there are few general pi'inci])les we can cite — principle's 
that cover all display ])roblcms. But, oven though Imsic research in 
this area is definitely limited, we can still see that there are ways of 
handling problems of visual displays. Wo know that pictorial dis- 
plays are sometimes better than symbolic displays. Some combina- 
tions of numbers on displays arc bettor tlian others. Letters and 
numbers can be designed for best readability or legibility. And last, 
but not least, how good a warning ligld is depends on where we i)ut 
it, what its color is, and wJiether it is fiasliing or steady. Even though 
we still need a lot of information, we can design visual dis|)lays in 
terms of the ability of the human operator who uses the display. 
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IN THE PREOEDTNa THREE CHAPTERS WE SAW HOW IM7*ORTANT OUR EYES 
are in telling us what goes on in the world. Our ears, however, are 
almost as important, because they make it possible for us to eonmiuni- 
cate with oilier people, for otluM* jieople to coinniunicatc with us, and 
even for machines to communicate with us. If ])eople are going to 
get along in this world, they must be able to hear each otlier and to 
act accordingly. Perhaps when we tell somebody else to do something, 
he will not want to act accordingly, but at least he will be able to if 
he wants to. The problems of communication, of what and how we 
liear, are our problems for this and the next two cluii)ters, 

WHAT IS SOUND? 

If you ask the i^hysicist what sound is, he will tell you that it con- 
sists of pressure waves in the air. Sound is pi ly si cal energy. The psy- 
chologist, however, will tell you that it is what we hear, Smind is 
sensation. Pie will agree that most of the time \ve hear things because 
of the pressure waves in the air, but he will still insist that sound 
is wliat we hear. Who is right? 

Both aj-G really right, because the word sound has been used to mean 
both the physical energy and the sensation the physical energy causes 
wlien it hits our ears. Unfortunately we do not liaA'^e two different 
words to mean these two clearly different things, and so we shall have 
to use the same word to mean both things just as everybody else does. 
But the distinction is important to keep in mind, i)ecause the sound 
sensations do not alway.s change in the same way as tlie physical 
sounds do. 

What Is Physical Sound? 

We have all read about nioleculc.s, and we know that there are mole- 
cules of air that move and bounce around all the time and are not 
packed together very tightly. Hie movements of molecules arc very 

JSO 
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mul randoni and nnl all in Iho same diroriloii ai ihe sainn time, 
so that tlio molecules are not pHckecl together any more iighlly at one 
])lacc than at another. 

Any object more solid tluu» th(‘ air can pusli these molecules around 
or squeciit* them together, Tf a solid object, siicli as a i)iec-e oi metal, 
begins to vibrate, it will create changes in the density nr pressure of 
the air which correspond to the movcmcnis of the vil)ratiug object it- 
self. As the object moves l)ark and forih, tlie air i)ressure ehanges 
from higlier to lower than that of air. When the air jiressure is greater 
than the normal pressure, we speak of a positive ])ressure, and, when 
it is le.ss tlian ihe normal pressure, we s])eak of a negative pressure. 
Thus the vibrating object creates alternations of jmsitivc and negative 
j>rossiirc. 

The.se pressure variation.s move through the air at the si)eed of 
sound, about 760 miles per hour at sea level. The nuderulcs of air 
bliemsolves move very little from their original po.sitions, since any 
particular molecule gets pulled back by the negative ])ressure almost 
as .soon as it is ]Hi.shed forward by tlio positive pj'e.ssure. The oidy 
thing that really moves is the pressvire wave itself. 

When these jwessure waves hit the eardrum, tlwy cause the eardrum 
to move too. This movement in turn is transmitted into ihe inner 
jiarts of the ear and eventually determines what we hear. The ear- 
drum, then, is constantly moving in and out wlicnovor we hear a sound. 
How much it moves in and out determines how loud the sound is, and 
how fast it moves in and out determines tlic pitch of the souml. There 
arc, then, two things we want to know about a soiiiid. flow fast do 
the changes in ])ressure occur (the frequency), and how great are the 
ehanges in pressure (tlio intensity)? 

Frequency, How often does the vibrating object move back and 
forth? How many times in a second does the pressure in the air 
change? How freciuently does the eardrum move in and out? These 
are all ways of asking what the frequency of the sound is, 

i\Jost vibrating objects move back and forth in a very regular man- 
ner. It takes just as long to move in one direction as in tlie o];)i)osilo 
direction. Tuning forks have a very characteristic way of vibrating, 
just as a pendulum lias a particular way of swinging back and forth. 
If a 7 uj single vibrating object moves back and forth freely as a whole 
unit, the pressure in the air which this movement causes will cliange in 
a manner shown in Figure 90. The abscissa in li’igurc 90 represents 
time, and each of the prcssui’e waves shown tells us 1 h)W ])ressure 
changes in successive moments of time. When the line drawn is higii, 
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the pressure is great, and when the line is very low, pressure is very 
low and is more like a vacuum. The pressure changes fastest when 
it is near the normal pressure of the air and changes very slowly when 
it is either maximal or minimal. 

These regular changes in pressure, whicdi occur whenever we have 
only a single vibration, we call sine craves. The sound jirodueed by 
such changes in pressure we call a 'pure 
ionCy because it is generated by only a 
single vibration. The frequency of a 
pure tone is determined by the innnbor 
of times the pressure changes froin posi- 
tive to negative in a given period of 
time. For convenience, we measure the 
numher of changes of pressure occurring 
in a second. If, for example, the pres- 
sure changes from positive to negative 
and back to positive again 500 times in 
one second, we say that ilie frequency 
is 500 cycles per second, and we usually 
abbreviate this as cps. The two top sine 
waves shown in Figure 90 both have the 
same frecpiency, because they b(Hh go 
through the same number of complete 
cycles of pressure change in tlic same 
amount of time. The bottom sine wave, 
however, has a higher frequency, because 
it makes more complete cycles in the 
same period of time. 

Intensity. Tlic other thing we need 
to know about a pure tone, or any sound, 
is its intensity. We can again ask how big the inovement of the vi- 
brating body is, how great are the changes of pi'e.s.surc in the air, or 
how far in and out does the eardrum move. Tliese arc all ways of 
asking about the intensity of the tone. All of these (luestions, you 
will see, ask about the amount of movement, or the amount of i)ro.s- 
surc. Wc arc not now concerned with how many times the movement 
occurs, hut only how big it is when it docs occur. 

Intensity, in Figure 90, is shown as the ami)litudc of the sine wave. 
The top and middle sine waves have the same frequency, but the in- 
tensity of the middle sine wave is le.ss than that of the top sine wave. 



Fkj. 90. Tlie.^c tliicu .'Siiic* wuvorf 
tlin prosui'c fliangt's 
in tlircp pur-r' tones The top 
and niidiih' sin(3 waves ropre- 
sont tones of tlic .sutiie fre- 
cpionty hut. ditYoront intrn-silics. 
The midtllo and bottom .sine 
waves are for tonr's witli tlio 
same intensity but <iiflerent 
frequoneio.s. Tiie botton^ sine 
wave has a biglier frequeney, 
Mncc more complete cycles 
occur in the same time period. 
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Tho intensity of the ini(I<lle and iM>ttoin sine waves, liowever, is the 
same even though tlie iVcqucnoics arc different. 

PsVCIIOLOlUCAL ClIAKACTKUlSTlCS OF SoUND 

Frequency and intensity, then, are two things wo want to know 
about a pure, or sine-wave, tone. The frcciuency and int.eiisity of a 
pure tone determine what we hear, hut it is important to remenilxu' 
that they arc measures of physical sound, not the sensation of sound. 
Even though we use tlio one word sound to mean both pliysical energy 
and tlic psychological sensation, we liavc difTcrent words to use for 
tlie psychologi(ud cl larac (eristics of a tone. 

Pitch is a i)sych()logicnl term. It refers to the tonal quality, wlmther 
it is high or low. Frct|uoncy, the physical term, is largely responsible 
for the pitch we hoar, hut not altogoilicr. A change in intensity can 
cause a change in pitch, oven though the frecpicncy is the same. We 
must, then, be careful to distinguish the two terms. 

Loudness likewise is a i)sych(>logical term. Loudness refers to the 
strength of a sensation, and loudness is determined primarily by the 
intensity of a sound. Jiut ju.st as a change in in(,ensity eai] pro{luco a 
change in |)itch, so can a change in frcqueiiey )n‘oduoc a change in 
loudness. We shall see in just a moment how much cluingc in loud- 
ness can be caused hy a change in frequency. For now it is impor- 
tant to remember that pileh and loudiic.ss arc psychological terms and 
that frequency and intensity are the important physical measurements 
to have. 


THE MEASUREMENT OF PHYSICAL SOUND 

Whenever a science becomes highly developed, tlie scientists make 
up many tei-ms to refer to certain things. '^Jliose terms are often so 
much Greek to anyone who has not specialized in that jiartioular 
science. T.]iese specialized terms crop up beoa\isc it i.s convenient to 
liave a common terminology and to have measures which everybody 
will agree mean the same tiling. It is almost impossible to learn much 
about a new science without at least hocoming familiar with many 
of those specialized terms, and so in this section on tho measurement 
ol sound wc will discuss some of these terms. 

Intensity 

Sensitivity of the ear. Tlie human ear is a very sensitive insi.ru- 
ment. It can hear sounds that are so weak that it^is almost impossi- 
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l)]c to (listingnisb them from tlic random movements of the air mole- 
cules themselves. In fact, if the ear were any more sensitive, we would 
hear these random inovemcnts all the time, and this could become 
quite annoying. When the ear is stimulated with the faintest tone 
that can be heard, the movement of the eardrum is too small to see 
even under a inicroseope. 

Even tlinugh we can hear su(‘li very faiiilr s(Hinds, we a bo can liear 
sounds tliat are many many times as intense. In fact, some of flic 
sou mis we liear have an intonsily 10,000,000,000,000 times as great as 
the intensify of tlie weakest sound we can hear. This is a tremendous 
range of sound intensities. Also, the numljcrs we use to inea.sure such 
a range of intcnsitie.s would get eitlicr very large, or very small, unless 
we used some s[)eeial mmihcr scale to measure intensities. Such a 
s])eeial number system is used for measuring sound intensities. 

The decibel. Sound intensity is measured in decibels, wliieli is a 
term coming into greater and greater popular u.sc, Actuiilly, tlie hel 
is the unit of measurement, and the decibel is simply one tent 1 1 of a 
l)el. The bel is named after the famous inventor of the telephone, 
Alexander Graluim J3ell. 

The decibel, usually abbreviated db, is not like most units of meas- 
urement, ])ccaiiso it is a ratio measure, But for most practical pur- 
posc.s, the decibel can be thought of just as we think of most meas- 
ures: It is a number that indicates a certain intensity of sound, and, 
the higher the number, the more intense is tlie sound. The numbers 
go from 0 to about J30, dejicnding a little on where the decibel is used. 

Mathematically speaking, the bel (ten decibels) is the logaritlnn 
of the ratio of two intensities. For example, one bel means that one 
intensity is ten times anotlier intensity, since the logarithm of 10 is 1. 
If the ratio of intensities is 100, then the number of hols is two. Since 
there are 10 decibels in 1 bel, in ilicse two cases we would have 10 and 
20 decibels. And, if the ratio of two intensities is 1,000,000,000,000 to 
1, then the number of decibels is 120. The number of decibels tells us 
1h)W many zeros there are in the ratio number. 

Til ere is one unfortunate complication of the decibel scale wliich 
is not too serious here. Decibels are defined in terms of energy, 
whereas many of our measurements are actually made in terms of 
pressure. Since energy increases as the square of pressure, we have to 
make a correction if we want to convert from pressure measurements 
to tlie decibel scale. This is very simjile with logaritlims, since a 
squared term simply moans multiiilying by 2. Thus if the ratio of two 
is 10 to 1, the number of decibels is now 20, instead of 10. 
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The rule, then, is very simple. If wo have a ratio onorgios, the 
logarithm of the ratio is the iiuinhcM* of !)ols. Ton times tiiat number 
is the number of deciijcls. If we linvo a ratio of pressures, wc multiply 
tlio logarithm of the rtatiu l)y 2 to get tlie iiinnber of bels, ami again 
by 10 to got the minibcr of tleeibcls. 

infemiilf lercL In order to provide decibels with an absolute mean- 
ing, engineers have agreed to use a (‘ominon reference intensity, a 

connntiii aniiior, ^J'luit reference is 
0.0002 dyne i)er s(iuare ceiitiineter of 
l)ressure, which is ecpii valent to 10 
watts per s(|uare centimeter of energy. 
Now when we say that we have iO db 
of sound, wc mean that our intensity is 
40 db greater than this reference in- 
t(‘nsity. Wc have thus provided 1hc 
numbers with some ubsulute inean- 
iiig. 

When the decibel scale is used willt 
this reference, we say wc are moasiiring 
wtensity level to indieatt^ tluit we are 
using this common reference. Some- 
times, when measurements of ])ressnrc 
arc made, we use the term sound-pres- 
Hure level (SPL). It makes no differ- 
onee whether wc measure energy or 
lUTssure when we use the decibel scale, 
and for all practical purposes intensity 
level and sound- pressure level are the 
same thing. 

The reference energy or i)ressiirc used for intensity level measures 
is, by the way, just about the minimum intensity the ear can hear 
under ideally quiet conditions. This is very convenient, for we know 
that an intensity level of 0 db is the lowest intensity that can ever 
be heard, under any conditions. 

Other examples of intensity levels are shown in Figure 91, A whis- 
per has an intensity level of about 25 dh; normal conversations are 1 ) 0 - 
tween 50 and 70 db. Tlio average automobile ]iroduccs about 70 db 
of noise, whereas a heavy city bus makes about 00 di), A subway 
train roaring into a station has an intensity level of 100 db, and a 
twin-engined airplane about 110. When intensity levels reach 130 dl), 
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the sounds nrc defiiiiloly jminful. Fortunately, we do not often listen 
to sounds as in tense as that. 

Sensation level, Tlie intensity level measures upg a cnnnnon pliysi- 
cal anchor for the decibel scale, Sometime.^ psychologists and sound 
ongiiu'crs use the ear as a reference point or ancluir. AMien they do 
this they use the term sensation level, rather than intensity level, to 
distinguish the two uses of the decibel scale, AVhen sensation levels 
are used, the number of decibels tells how much more iniense the 
sound is than the weakest sound that can just he heanl. The main 
difficulty with this measurement is that the sound that can just be 
heard varies a great deal, depending on the frec[uency of the sound, 
the amount of noise around, and so on. 

Complex Sounds 

As we have pointcfl out, the frequency of a pure tone is measured 
in cycles per second. Most sounds that we hear, however, are not pure 
tones. Usually we hear many pure tones all at once, and these many 
pure tones can be different in both frequency and intensity. If we 
hear only a few pure tones, and these tones are octaves ai)art, wo 
would still describe the sound as a tone. But, if we have a great 
many p\irc tones all mixed together, without any consistent relation 
between them, we would call the sound a noise. The main difference 
between noises and tones is only that noise consists of more pure tones 
all sounding at once, AVe can, lunvever, describe any sound by de- 
scribing the frequencies and intensities of all the pure tones that 
make up the sound. 

Complex tones, AAdien a sound is a tone, but not a pure tone, wo 
call it a complex tone. Complex tones consist of several pure tones, 
and the i)urc tones have frequencies that are all some multiple of the 
lowest frequency. This lowest frerpiency wc call the fundamental or 
first harmonic. The other I’rcqtiencics arc all harmonics. 

Figure 92 shows the intensities of the various pure tonc.s that add 
together to make the one complex tone we liear when a violin is 
played. The lowest frecpicncy (the fundamental I is 400 cycles per 
second, and the other frequencies are SOO, 1,200, 1,600, 2,000, 2,400, 
and 2, SOO cycles per second. All these other frequencies are some 
multii)le of the lowest frequency. Tlie 800-eyclc-])er-sccoiKl tone is 
the second harmonic, the 1,200 tone the third harmonic, ami so on. 
Notice that all the tones do not liave the same intensity. Changes in 
the inton.siiics of these pure tones would make the coinjdox tone sound 
quite different. 
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When a eoiiiplcx tone is tlosonlted in this way, we call Uie {>i'ai)h a 
spectrum amilysis because we have binkeii (he complex (one into Ihc 
A'arious frcriucncies that make it. u)). 
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Fig. 02, A spoeinnn nnalysjs of :i ioiio from a inii.sinil insfruirn'iif. fiolid 

liiK? showrf (Ijo inlonsily of oiio parl,i(*ul:\r iVcaiuenry coinponouli. A spue (, rum like 
this wouki \)0 obiaintHi from u violin i)layinf? a nolo aL 'JOO v\)s. 

Noises. Many of tlie Rounds wc lioar in ovoryday lifp aro not, tones, 
pure or complex, but. just jdaiii noises. Any particular noise can be 



Fig. 93. A spoelrurn iiiialy.«5is of uirplane noinc. 'Fliis <mrvn shows tho inionsiiy 
of the many frequenoiijs involved anil is l.he of se>'(M'al nioasiirod airplane 

rioiyes. In this type of spectrum analysis so nmny dilfcnaii tones arc involved 
that it i.s impo.^sihlo to show l-lio intonsily of cacli sc pa rate tone. 

described with a spectrum analysis in Uic same way a eomidex tone 
can, and one such noise is shown in Figure 93. Most noises have so 
many pure tones in them that wc cannot distingui.sh each separate 
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frcfjucnoy. As a result, the spectrum of a noise is a continuous line 
lliat connects all frequencies together. If the line in Figure 93 were 
perfectly flat, then all frcfiuencics would liave iha same amount of 
energy. We call sueli noise white noisCf because it is analogous to 
white light, and tliese noises siaind more like a hiss than any tiling 
else. The noise an air jet makes is a good example of a noise witli a 
flat spectrum. 

PSYCHOLOGICAL ASPECTS OF SOUND 

Psychophysics of soujkL Most of the psychological prnlflcMiis of 
sound are really problems in psychophysics. Psychophysics asks 
about the relation between the physical world and the psychological 
world. How docs the audibility of a sound depend on its frecjuency? 
How docs pitcli change witli frequency and with intensity? Doo.s a 
given increase in intensity cause the same increase in the loudness of 
a tone? Plow is our ability to hear a difference lietwcen two tonc.s re- 
lated to the frc((ucn(‘y and intensity of the tones? All these questions 
and many more will be asked as wc discuss the p.sychological prolflems 
of sound. 

Frequency Lights op Audible Tones 

Some tones Imi^c a frequency so high that we cannot hear thorn, re- 
gardless of the intensity. Other tones have such a low frequency that 
they do not sound like tones, but like slow vibrations. Tlie lowest 
frecjucncy tiiat souiitl.s like a tone is about 20 cycles per second. Tiie 
higliest frequency that can be beard hy humans is about 20,000 cycles 
per second, although tliis upper limit varies considerably for many 
people. In general, older people cannot hear high tones so well as 
younger people, and most adults have difficulty liearing any tone above 
12,000 to 15,000 cycles per second. Also, deafness usually affects our 
ability to hear higli tones more than our ability to hear low tones. 

Animals ai’C known to have much bettor hearing at high frequencies 
than luimans. Dogs, cats, and rats can all hoar tones tliat are com- 
pletely inaudiliie to lunnans. That is why we can call dogs with wins- 
ties that no Inimun being cun hear. 

Although not many adults can hear tones as high as 20,000 cycles 
per second, we generally refer to frequencies between 20 and 20,000 
cycles per second as the range of audible frequencies. The term audio 
frequency is used to di.stinguish them from those frequencies that are 
pliysically the same but cannot be heard as tones. 



Hoid Wg Hear 


198 

Threshold Sensitivity 

Even within the range of audio frequencies, all frequencies arc not 
equally audible. Some can be heard at a much lower intensity than 
others. Tlte ear is most sensitive to frequencies between aimut 500 
and 4,000 cycles per second, and frequencies i)()tli aliove and below 
these limits must be more intense if we are to hear them. It is fortu- 
nate tliat the car is most sensitive to those frequencies that are most 
important in our understanding speccli, but we shall deal more with 
that prolilem in the next chajitcr. 

The sensitivity of the car to various frequencies is shown by the 
lowest curve in Figure 94, which shows how intense a tone has to l)c 
so that you can just hear it. You can hear a tone of 1,000 cycles per 
second when its intensity level is very close to zero, but a tone of 
100 cycles per second has to have an intensity level of about 40 db 
before you can hear it at all. As the frequency gets lower, tl\e just 
audildc intensity increases even more. The same kind of increase 
occurs for tones above 4,000 cycles per second. 

The lowest curve in Figure 94, tlien, tells us about one type of ]isy- 
cbopby.sical relation: All the tones on that curve are j\ist barely audi- 
ble. If the intensity of any one of those tones wc're (U* creased, we 
would not be able to hear it any more. But Ibis curve tdso tells us 
something more, because, if all tones are just audible, then every tone 
is just as loud as every other tone, 

Equal-Loudness Relations 

We would like to know more than this. What would happen, for 
example, if all tones in tlie lowest curve had tlicir intensities increased 
by 10 db? Would each tone then be just as loud as every other tone, 
or would some now be louder than otiiers? And likewise what would 
ha])i)en if all tones had their intensities increased by 40 or 80 tlb? 
AYould all these tones then be equally loud? 

Long ago it was assumed that they would be, but Inter people in- 
terested in tliesc problems decided to find out if it were really so.^ 
They did an experiment. First they increased the intensity of a 1,000- 
cycle-per-sccond tone by various amounts: 10, 20, 30, and on up to 120 
db. They asked many people to listen first to the l,00()-cycle-pcr- 
second tone, and then to a tone of some other fixMiuency. Then they 
adjusted the intensity ol the other frequency until that tone was just 
as loud as the 1,000-cycle-per-second tone. What they found is shown 
by the curves in Figure 94. 
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All the tones on each curve arc e(]nnlly louil: Each tone is just as 
loud as every otlier tone, hut no louder. For cxaniiilc, on the curve 
luaikcd 20 ((lie intensity level of the l,000-cyclc-j)er-second tone), 
a tone with a rreqiiency of 1,000 cycles iier second and an intensity 



Fin. 94, Eqijfil-lou<liicss relations, Tlie bottom curve allows the threshold 
intensity levels of tlio various freqiiontnos. Fach tone on that curve is just barely 
iuulihle, and we can assume that all those tones have the game loinlness. 'Phe 
oilier curves sliow tones that are j\ist as loud as each other at iii^^her intensity 
levels; all the tones on any one curve have the same loudness. The number on 
eacli curve is tiie intensity level of the l,000-f:ps tone, and that number is used to 
indicate the loudncas level of any tone that is on that particular curve. Notice 
that the curves flatten out at higher intensities, telling iis that all tones tend to 
have the same loudness at high intensities if they liave the f^ame iiilensity, (From 
Fletcher and Munson, 1033) 

level of 20 clb is as loud as a tone of 100 cycles per second with an 
intensity level of 51 db. And on the curve marked ^‘60,” a tone with 
a freciuency of 2,000 cycles per second and an intensity level of 60 db 
is as loud as a 200-cycle-peivscconcl tone with an intensity level of 
65 db. Any two points falling on the same curve represent tones that 
are just as loud as eacli other, 

Tliese curves are the answer to our question. If we add the same 
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intensity to two tones Unit nre ns loud ns otudi oilu'i' at ihreshold, 
these two tones will no longer be equally loud. At some InHiuencies, 
loudness increases much faster than at olher fre([uencies, Tn general, 
the frG((ueneics to wJiich the car is the l<‘ast sensitive increase in 
loudness most rapidly. The net result of tliis I aster iuci'i'aso is that 
at high intensities all frcijucncics seem to have the same loudness if 
their inlensities are tlie same. As we saw, some freiiueiieies are cuni- 
pleiely inaudible at the same low intensities at whicli otlier fre(]iien- 
cies are quite loud, 

'rhese loudness relations can be summarized as folhnvs: At low in- 
tensities, all frequencies tend to be equal in hjudness if they have the 
same sensation level. At high intensities, all frequencies tend to have 
the same loudness if the intensity level is the same. 

Loudness levels. These eiiual-loudnoss relations have led to the use 
of a measure of loudness that has lately boon resorted to more and 
more. Wo would like to have a measure that tells us about the loud- 
ness of a tone regardless of its frequency. AVc have seen that intensity 
levels do not tell us directly about the loudness of a tone, bccau.s'o the 
!oudnes.s of the lone depemls on its frequency. Nor does sonsal.ion 
level toll us about the hnidncss of a tone, because licrc again wc must 
know the fraiueucy in order to know bow lourl any particular sensa- 
tion level is. And to further complicate the picture, wo know tliat at 
low levels sensation level is the best indicator of loudm^ss, althougli 
intensity level is more accurate at high levels. 

Figure shows the intensity levels oS various frequencies that make 
all tones equally loud. If wc give the same numhor to all tones that 
are as loud as each other, then we have a single measure which indi- 
cates the loudness of a lone, and we no longer have to worry about 
what frequency the lone is. For the sake of convcniem^c, the numbers 
we use to do this arc the intensity levels of the l,()00-cyelc-per-sceond 
lone. Those are the numbers marked on i-he varioirs curves in Figure 
94, and all the tones on any one curve have a louclnesH level indicated 
by that number. For example, all the tones on the curve marked ‘‘40” 
have a loudness level of 40 db, and all the tones on the curve marked 
“80” have a loudness level of 80 db. 

The loudness level of any ionCf theuy is the intensity level of a 1,000- 
cycle-per-second tone that is just as loud as the tone in question. 
When we use loudness- kwcl measures, wc no longer have to specify the 
frequency if we are concerned solely with the loudnc.ss of iiio tone. 
In practice, if we know the intensity level an<l the frecjuency of a 
tone, we can determine its loudness level hy reading it from the 



The Loudness Function 


201 


curves in Figure 94, Or, if the facilities are available, tiie loudness of 
a 1,000-rycle-per-seconfl Lone can l)0 luatclied directly to the tone in 
question, and the loudness level of the tone would then be the intensity 
level of tJjc 3;000-eycie'pcr-seeoiid tone. 

In order to distinguish this measure from the other measures of 
loudness and intensity, the term phon is frequently used. AVe say, for 
example, that a tone has a loudness of 40 plums, wliich means that tlm 
tone is just as loud as a l,00()*‘cycle-])er-second tone with an intensity 
level of 40 db. 

Tpik Loudness Function 

Equal-loudness relations are one step in the ineasurenient of the j^sy- 
chological rather than the physical aspects of a tone. These relations 
toll us which tones have the same ]n\ulness. But they do not tell us 
whether one tone is twice as loud, or half as huid, as another tone. 
Nor do tljey toll us if tlm dii'ferci^co in loudness befeu'ecn a loudness 
lcv(d of 20 and 40 phons is equal to the difference in loudness between 
loudness levels of 80 and 100 phons. It lias been possible to build a 
loiulncss function tliat tells us just how the psychological loudness 
changes with loudness level, l)ut another experiment was necessary to 
do it.^ 

Observers uttg asked to listen to tones, one tone following tl)e other. 
One of tlie tones had a fixed Umdness level, and the observer hinisolf 
could change the loudness level of the second tone. He was asked to 
adjust the loudness of the second tone until it sounded twice as loud, 
or half as loud, as the tone with the fixed loudness level. After many 
judgments like this were made, at many different loudness levels, it 
was possible to 0021 struct the loudness functioii, ndiicli is sl^own in 
Figure 95. Tlie units of loudness are arbitrary, hut we can see from 
this figure how loudness increases when wo increase the loudness level. 

At low loudness levels, loudness increases just as much as loudness 
level increases: there i.s a one-to-one relatiiin iietween them. As loud- 
ness level gets greater and greater, however, the change in loudness is 
much less than the climigc in loudness level, Ilegtardlcss of the loud- 
ness level, the relative loudnc.ss of any two tones can he determined 
from Figure 95, If the number for the loudness of one tone is twice 
as great as the number for the loudness of the second tone, then the 
fii‘st tone is twice as loud as tlie second lone. 

If we want to determine the loudness of any tone of a given fre- 
quency and intensity ku'cl, u'e first look u]^ the loudness level in Fig- 
ure 94, and then the loudness of that loudness level in Figure 95. If 
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we have Uvu siu'h tones, wc can determine the rclaiiou heUvecu the 
loudnesses of the (ones. Koincinlier, liowevcir, tlmt Figure 95 sliows 
tlic logarillini of loudness, 'riie logurilliin must bo converted to a real 
miinbor to determine relative loudnesses. 

The ))arti(‘ular units of loudness we ehoo.se to use can be, of onursc, 
eomiiletely arbitrury. It has lu-en suggested, liowcver, that a loudness 
level of 40 db be eho.son as the unit of loudness, and that this unit be 
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Fig. 95. Tins nnw hhows linw louduos.^^ inercasos with an inci’casf' in loiuliio.ss 
Jovfil. If the Imainoss level of any tone' i« known* ils loudno.ss can be (lidc'ntiined 
from this curve. Loudnei^s is plotted loj;arillimiealIy hero, and so llu’ aniiloj^aritlnii 
of Uie nimihers shown hero must be useil io dettM'inino aetual loudiu'.ss, 'I'lie t(MMn 
has boon used ns (he unit of loudness, where one none is the louduesH of a 
tone with a loudness level of 40 db. 


called a sone,^ Thus, a tone with a loudness level of 40 db would liuvc 
a loudness of 1 sonc, and a tone twice as loud w'ould liave a loudness 
of 2 soncs. Wo mention this particular terminology iiecause it wdll 
probably become more oonimon in the future. 

Masking 

It is all W(dl and good to know what we can hear in a nice quiet 
room in the laboratory. But that tells us very little about wlmt wc 
ordinarily bear. How well wc can hear in everyday life dcj)cnds very 
nnicli on whore we arc. We can hoar a veiy (|uiet wlusjier if wc arc 
10 miles out in the woods, but we could not hear that same whisper if 
Ave were in a noisy night club. There is far too much noise in most 
night clubs for us to hear anything less than a good healthy shout. 
Noises can make it hard for us to hear. And tones can also make it 
hard for us to hear, as you know if you have ever tried to carry on 
a conversation next to a fire siren. 
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How well wc can hoar rleponds on the ninount of noise and the kind 
of noise we Inive to listen to. And it also <lepends on what we are 
trying to listen to. In order to study tlicsc effects systematically, 
much laboratoiy work has been clone to determine just what kinds of 
tones and noi.se.s make it hardest, for us to hear certain other kinds 
of tones and noises. 

The elTeet of one tone or noise on our ability to hear another tone 
or noi.se we cull masking. By masking we mean that the presence of 
certain noises makes it hard or impossible to hear other noises, jnst as 
a mask on a woman's face makes it impossible to sec her face. And in 
order to keep straight which tone or noise wo want to hear and which 
wc do not want to hear, wc use two dift'erent terms. The signal wc 
do not want to hear is the masking signal; it is what prevents our 
hearing something M'o want to hear. The signal we tconf to hear wc 
call the masked signal; it is the one that the masking signal prevents 
our hearing. 

Once again, to understand best the nature of the masking process, 
we determine finst of all tlie effect of certain tones and noises on our 
ability to hoar pure tones. We shall discuss first Imw inire tones mask 
other pure tones and then how noise masks pure tones. 

Masking by pure tones. There are two ways to mca.sure masking 
effects. One is to determine the threshold under the masking condi- 
tions in terms of intensity level — just as we measure the absolute 
threshold in intensity level. The other is to determine; how much the 
threshold was increased by introducing the masking signal. If, for 
example, the threshold in quiet is 20 db, and tbe threshold in the pres- 
ence of the masking signal is 80 db, wc know that the threshold has 
been incroa.sed GO db. Tbe amount of masking produced is then 60 db. 
This latter method is more common in measures of masking. 

The two graphs in Figure 96 show masking effects in these terms. 
Figure 96A shows how a piii'c tone of 400 cycles per second alTects 
our ability to hear other pure tones.- Tlie numbers on the dift'erent 
curves arc the sensation levels of the masking tone. AVith a sensation 
level of 100 db, the 400'C}Tle-pcr-second tone makes many other jmre 
tones mucli harder to licar, and even a 4,000-cycle-l3er-secoiul tone has 
to bo 70 db more intense in order for us to hoar it. At lower sensation 
levels, the nm.sking effect covers a narrower range of frcqucneics. 

Figure 96B shows how much ina.sking a pure tone of 3,500 cycles pei 
second can produce on other pure tones. Here again, the 3,500-cyele- 
per-second tone at a sensation Im'el of 100 db mnkos frequencies near 
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3,500 cycles per second luircIcHt l.o hear. lint, the nuiskinj* elTecl of 
this tone on low fmiiiency (on(‘s is very siinill. 

Tinit differeneo IjeLwecn the enVet of low tones and of high tones on 
other frequencies is the must important ])oint to reniein])er about the 
masking of pure tones on pure tones. Low /rcqaancuj.s oiake high fre- 
quencies very hard io hear, but high frcqucnric.s have very little ejject 
on low frequencies. If wo wanC to lisUm to low tones, liigli ones will 
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Fia. 06. Tins (Ipsuro shows how oni' pun' (one inukes oilier pun' l.oiu's liiinler in 
hear, hi A, the ynaskiuij lone; is 400 c*p.s; in H it, is 3,600 <'ps, '‘I’fic .stuisiUion level 
of the masking toiu' in sliown for eiieh tuirve, nntl the ordinate tells liow nitich (he 
inleii.siiy of the different fre(iu(*nei<'s has to he raised in onh'r for Ihn toiu' si ill 
lo he hoard. Notice that (he 400-ei>s iom; makes other tones niu<*h harder to 
hoar than the 3,500-ep.s tone. (Afler Fl(;telier, 1020) 

not bother ns. But if wc want to listen to high (ones, low ones will 
bother us. Ami if wc want to ])revcnt somebody else from licuring 
any tones, low tones are more useful than high tones. 

Masking by noise. In most situations, liowever, it is not tlie tones 
that bother ns, but noise. What luippens to onr ability to hear tones 
when there is a lot of noise in the background? 

Figure 97 shows how our threshold for pure tones imu’cascs as more 
and more noise is introduced into the listener’s background.'^ The 
noise used in these experiments was a hiss — ^^dlito noise. It had energy 
at all frequencies from 0 to 10,{)0() cycles per second, and in e(|ual 
amounts. That is to say, there was no mure noise at tlu; low frequen- 
cies than at the high frequencies, or vice versa. 

When there is a small amount <if noisp present, Die Dire.shoJd cuinT 
for pure tones still looks much like the ([uiet threshold curve shown iri 
Figure 94. Tones in the middle frequencies arc heard most easily, and 
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tones at higlicr or lower Irerincncics niiij^t be more intense if wc are to 
Iiear tliein at all. Even with as little as 40 db of noise, however, the 
liigh frequencies do not require as nmrh intensity as when there is no 
noise. ^A^ith greater amounts of noise, the threshold curve flattens out 
until at 100 dh of noise the low fre([iicncies can be hoard slightly better 
than the high frequencies. In general, then, the tlu’cshold curve for 
pure tones tends to be flat when there is a lot of noise in the back- 
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Fig. 97. These rnirvcs show how noise? ninkos pure loiies lmr<ler to hour. The 
threshold intensity level of tlie pure lone is shown on thr? cm h mile for lh(? vjirioiis 
frequencies indicated on the ahsei.ssa. Each <‘in-ve is for a dirmrent. intensity level 
of the noise as indicated, and the noise hail (Mpud eneri^y iit nil frequencies up to 
10,000 cp.s. Notice that all tones are nearly as audible as other tones at lii^h 
li^vels of iwaskiuji; noise. (After Hawkins and Stevens, 19501 

g]’aund, although when there is no noise both high and low tones need 
a lot more intensity than the middle frequency tones if they are to 
be heard. 

You probably have noticed that these curves are very similar to the 
equal-loudness relations shown in Figure 94. Tliat similarity is im- 
portant. As intensity is increased, all tones tend to have the same 
loudness, regardless of their ficquency. And all tones tend to have the 
same threshold as the tones become mure intense, again reganllcss of 
the frequency. It would seem, then, that all tones act pretty much 
alike at high intensities, although at very low intensities tlie ear can 
detect some frequencies much more easily than it can others. 

These masked threshold relations do not change the nature of the 
equal -loud ness relations. The intensity of the tone, whether or not it 
is masked, primarily determines the shape of the eqiial-loiuincss curve. 
In fact, as we can see from Figure 97, tlie masking curve for 100 db 
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of noiso shows thai. tones of all frequeneies are just as loud as one 
another, l)ccaus {3 tl»ey can all just 1)0 heard at approxiinalely the same 
intensity. The c(|ual-louclness eurves show Umt they are just as loud 
as one another whether or not there is any masking noise in the l)a(;k" 
ground* 

How Sounds Have Meanino 

Sound and our sense of hearing arc a means of eominunieatiou 
a I non g various persons, or Ijetu^ecn a njaehijie and a ]>orson. Wo ai‘o 
interested in the psyeliology of heaving only l)ccanse cliflercnt sounds 
can tell us different things. AAdicn we use speech, many dilTcrcnt mean- 
ings and ideas arc conveyed frojn one person to anotlier. The ehiino 
(jf the (!lo(*k at midnight tells us what time it is. Morse code is another 
means of transmitting information from (jne person at one place to 
anothci* person some distance away. 

It is in our interest, tlien, to ask how sounds can transmit inforum- 
tion, whether the information be wimls, ideas, directions, or the time. 
If we know what it is about soiimls that have meaning, then we can 
decide what kinds of instruments are needtui to coiwey the information 
correctly. All instruments, particularly electronic instruments, do not 
give a perfect reproduction of the sound wave. W(3 would like to 
know what aspects of tlie sound wave must he preserved and what 
aspects of it may be destroyed without (loslnjying the meaning in the 
sound. 

Tlicre arc many aspects of a sound that can ju'oducc meaning. We 
have already seen that sounds can be dilTcrcnt in intensity, frequency, 
tand frequency s])Gctniin, That is to say, the mixtures of various ]mrc 
tones can he different for different sounds. There are other ways in 
which sounds can be different. The chime of a clock, for instance, 
tells \is the time because a certain number of tones jnouns a certain 
time. Some clocks also make use of our alnlity to hoar dilTereneos in 
pitch. The quarter-hour, as an oxain])le, may give one pattern of 
pitches, whereas the half-hour has another pattern. These differences 
in pitch paticrn tell us whether it is ciuartar-past the hour, or half- 
past the hour. Sometimes the rhytlim of a sound conveys information, 
*altlmugli wo ih not ii.suaJly depojn! on rh.ylhm e.veept in mu.sic. 

The chamje of aoumh. Pure tones, hoard in isolation, have very 
little meaning. A jnire tone of 1,(}()0 cycles per .seeoiul, at an intensity 
level of 70 dh, does not Imvc an ah.solute meaning, the way the mini- 
her ^7” printed on a sheet of pai)er has. It is very hard for us to tell 
one tone from another, and it would bo almost imi)os.si|}le for us to 
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know that a 1 jOOO-oyrIc-per-sooond tone moans one thing and a 1/)00- 
cycIc-por-sccM>nd tunc another thing. Wa probai)ly could not tell (me 
lone from the other anyway, unless they were lieard in succession. 
J hen we would know whether the first or the second lone was higher 
in pitch. We have tlie same sort (»f problem with intensity. It is very 
hard for us to identity the absolute intensity of a tone (without physi- 
cal instruments), although it is relatively ca.sy to know that one tone 
is louder than another. 

In order lor tones to have meaning, tluui, theiv inu.st be at least 
two tones so that one can be compared to tlie other, ^^'c must, in otlu'r 
words, have an anchor or reference tone. The reference tone need not 
be always the same; if many tones are heard in succession, each tone 
can be the reference for the next one. Tones can change, as we have 
incntioncd, in intensity, frefjuency, or spectral composition. As the.so 
clianges oiauir, through a i)criod of time, meaning i.s produced. iMusic 
Is understood, for example, not hy the absolute i)it(‘h and loiidne.ss of 
the tones heard, but rather by tlie clianging frequency and intensity 
which gives us a pattern we can understand. In speech it i.s not the 
pitcli of a voice that makes words intelligible but rather tlie clianging 
frequency and intensity pattern over a period of time. 

What we recognize, tlien, and what provides moaning is the chang- 
ing jiattcrn of frequency, intensity, and spectral composition during 
a period of time. Occasionally we rccognijie the time sequence itself, 
but not very often. If what we recognize is the change in frequency 
and intensity (clianges in spectral composition are really combined 
frequency and intensity changes), then we need to know how well the 
oar can detect these changes. AVe have already discussed how well 
the car hears tones in the quiet and in noise. Now we are concerned 
with how well the ear can distinguish one tone from another — either 
in intensity or frequency. 

Changes in intensity. Figure 98 shows bow niiicli difference in in- 
tensity two tones must have if we are to liear them as two different 
tones. The difference in intensity is not tlie same for xill tones. The 
abscissa of the graph shows the intensity of the tone (really sensation 
level), and each curve in the graph is for a different frequency, Tlie 
ordinate scale (on the left) shows how much greater in intensity level 
one tone must be if it is to be heard as louder than another tone. The 
scale on tlie right shows the increase as a ratio of intensities. Both 
scales are equivalent since decibels are a ratio measure. 

As intensity is increa.sed the difference in intensity between two 
tones can be decreased, if we ai-e to licar tlie tones as different. For 
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exanij)le, a tone of 1,000 eyclc.s per second at 20 dl) inusi be increased 
i>y IV 2 dl) before the clifferenoe will be noticed. If two tones were 
cuini)ared and one was only 1 db more intense than (he other, then 
Ibey would sound e(|iial in loudnes.s. If the difference were 2 db, then 
it would be clearly heard. At higher int(‘nsities, ln)wev(‘r, difh’rencos 
as smiUl a.s *4 db can be beard. 
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Fio. 08. Those curvos show how nmrh the iiUonsay of a lone tuusi \w incroasod 
ill order for us to hoar the iiK'roariC!. liach curve is for a tliftVnuit fro(|uoncy us 
iiH lira ted. The stale on the loft shows the necessary increase in do oil lo Is; the 
01 H’ on the rijiht shows iho increase as a ratio of tlm two intensities. (Reproduced 
hy jjennission from Ilcanup by S. S. St{?vcns and H. Davis, publishoil )>y Jo)m 

Wiley & Sons. 1988) 

How easily wc can lienr differences in intensity dej)eJKls on the fre- 
quency of the tone. In the middle range of frequencies we can hear 
differences much better than at liigli and low fretiuencies. This is the 
same range of frequencies that we can hear best at tiircshold as well. 

We should point out that the sensitivities shown in Figtire 98 are 
^e^llly the best sensitivities. These mcasmus wore obtaim*d in a sound- 
deadened room in a laboratory where listening conditions wore bc.sl. 
Under noisier and more distracting conditions, sliglitly larger differ- 
ences would be necessary. At higher intensity levels and in ( lie middle 
range of frecpicncies, we usually can hear about a l-db change in in- 
tellsit 3 ^ In fact, the decibel unit was chosen because it is a fairly 
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good approximation to tlio least change in intensity that can be no- 
ticed. 

Cluvngei^ in fre(/uetiry. Figure 09 shows how well we can hear 
changes in freque^ney. 1^1 ic ordinate scale shows tlie least perceptible 
change in Ircqnency divideil by the frecpicncy itself. In other words, 
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Fig, 99, T1h'S(' curves aliow liow mucli tlie frequency of a (one increased 

in or(I(‘r for us (o lieur tlie increase. Fsudj curve is for a different gensat.ion l(‘vel 
as indienfed. Tlie ordinale scale .shows tlie necessary increase us a pere<'nhme of 
the frequeiiey .shown on the abscissa. (After ^ihower and Bi<idulph, 19in) 

the ordinate scale .shows the lease ])ercentagc change in fn‘(|ucncy that 
can bo deU'cic(l by the car. 

The abscissa scale sliows frequency, and once again wc see that sen- 
sitivity is dependent on frequency. AVo can hoar changes in frecpicncy 
be.st in ilio middle and upper ranges. Each curve is for a different in- 
tensity, and it is idndoiis that we can hear dift'ercnces in frequency 
better at the higlier sensation levels. Above approximately 40-db sen- 
sation level, however, intensity has relatively little effect. 

Above about 1,000 cycles per second frociiicney has little effect on 
our ability to hear differences in frequency, if these differences are 
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nieasurod as percentages. Below 1,000 cycles jicr second, iiowovcr, 
the p(‘iTent difference in frequency rises very rapidly. At 500 cycles 
per second the percent change is (for 40 dl)) 0,5, wliicli is 2.5 cycles. 
At 250 cy<4es ])cr second the percent change is 1.0, which is again 2.5 
cycles. At 125 cycles per second, the cycles clmnge is 3.2, and at 62 
cycles jier second the cycles change is 2.7 cycles. So wc see that below 
1,000 cvcics per second the /?}Of}ber of cycles increnso is a)>out Die same 
for all frofiuencies. Above 1,000 cycles per second the percent increase 
is tlio same for all frequencies. 

Once again it slmuld he iminted out that these sensitivities are the 
best that will ever bo found. Under noisy distra(d,ing conditions, 
slightly greater changes will be necessary. Tliese ineusures and those 
for differences in intensity are the ideal maxiininu sensitivities; they 
represent the limits beyond which wc can never hope to go. 

STATISTICS AND HEARING 

A word of caution sliould probably ho exprcs.s’c<l lion?. U'e hiu^c been 
talking about those variims incasiiros of hearing as tlnuigli tliey were 
al>s()iufe precise measures. Actually, of course, the}’’ arc not so pre- 
cise as we have made them appear. The thrcshold.s wc mention are 
average ihreslmlds, and wc should not necessarily expect in find the 
exact values we have shown if wo measure a threshold only once. All 
individuals do not have the same threshold, and even the same indi- 
vidual will have slightly different thresholds from day to day^ or even 
before and after hnieh. 

Absolute fchrosliolds for pure tone.s, particularly at the higlnu' fr<‘- 
qiioncies, will vary gi'eatly between individuals. One individual may 
hear tones as much as 15 db weaker timn tones that another indivniunl 
can just hoar, even though both indivirliials can be considered normal. 
Masked thresholds, on the othei- hand, arc much more consistent, and 
most individuals will have essentially the same threshold here. You 
slioukl remcml)Gr, however, that even though wo do not keep men- 
tioning the statistical problems of measurement in liearing, the prob- 
lems are still here. We can never ignore the statistics that were dis- 
cussed in Chapters 2 and 3. 


SUAIMARY 

In this clia[)tcr we luivc seen iliat all j^hysicul sounrls can be de- 
scribed by describing the intensities and the fre(iuencic.s of tlic various 
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pun; tones that make iij) the soiinrl. Intensities are usually measured 
in <lc('il)els, aii<] frc^queiicies in cycles jht second. The ear can hear 
tones in the middle range of frequencies more easily than higher or 
luwci’ frequencies, and these middle frequencies are louder except at 
very high intensities. Eqiuil-hmdiu'ss relations tell us whether any 
two tones are as loud as each otlicr, and the psychological loudness 
function tells us about the relative loudness of any two tones: which 
one is louder and how much louder. 

Hearing provides us with a incans of communication because wc can 
hear relative differences between tones and l)ccausc tones can change 
througli time. There arc, liowevor, certain minimal limits of change 
whicli can 1)C detected, and these limits in a sen.se determine the maxi- 
mal precision for (‘ommiini cation. The next problem is to see how 
tliese characteristics of tlie oar and hearing uHVef. comniiinication and 
particularly hbw they affect the design of eomnuini(‘a(ions e(|uiiuneiit. 
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MANY SOUNDS MICAN SOMETHING TO US, AND DIFFERENT SOUNDS MEAN 

diffm’ciit things. But the variety of sounds produciMl l)y our voeui 
enrds gives ns more different meanings than all other sounds )>ut to- 
getlier. In fact, there is a vocal sound, or eomhination of sounds, to 
use for any idea known to man. The really interesting tiling about 
speech is not so much that we can produce so inan)'^ (Ufl’ercnt sounds, 
but rather that we can hear and understand tlu^ni. 

Speech afi comjnu}iic(dion. Our civilization is a wordy civilization, 
and for goo<( reason, S<iinc Imman activities happen witliont 'i'e?’)nd 
communication, l>ut speech seems to got involved in most .situaiions. 
S))oceh lets one person in one place know about aiiotlior person soinc- 
whero else — what the other is doing, saying, and thinking. Informa- 
tion is transmitted, and the nature of the speech sounds make tlie 
vocaJ noises Jjave meaning. 

I/oic we look at Uie problem fi of Rpeeck, Tliore are many ways of 
looking at the psychological problems of sjiocch ami sjiccch transmis- 
sion, You can judge speech, or any communications device, from an 
aesthetic or utilitarian point of view. If you arc buying a jiliono- 
graph so you can listen to Fats Waller or Lily Pons, you cl loose on 
the basis of quality of tone; you do not like it if Lily Pons comes out 
sounding like Fats Waller, or vice versa. But if you arc selecting an 
intercom system for use in an office, or a radio for directing aircraft, 
you ask the very practical question: How well does it work? You 
do not care aimut the ju’eitinoss of the sound; you arc interested solely 
in the ability of the system to produce the results you want, Do mes- 
sages get across? This is the criterion for a good eoinmunieatioiis sys- 
tem — the sort of thing we are interested in. 

Systems of Transmitting Sveecii 

^Ifr. There are many ways of transmitting speech so that one per- 
son in one place can say something to somciiody in another jilace. 
0))vjoiis]y the simplest medium for transmitting spoeoli is tiie air. One 

m 
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inun talks, anotlit'p lislons, with air forniiiig the link between them. 
Olio voieo and one ear ean got the job rUjiie. With such a system of 
spcecli coininunication — the oldest and most rclial)lc— tiie number of 
problems involved are veUitivcly small. To be sure, wc ure concerned 
with (be amount of noise in t)ie ciiviromnont, with how hmd a man 
has in shoutj and a few things like that. Hut relatively speaking, the 
problems arc pretty simple. 

Souful-poircrcil telephone,^. When a man has to speak to somebody 
5 or 500 miles away, he must cull in some electrical or electronic lielp. 
Our real iU’ohlcins ocGiir when iho.se gadgets must be used. One of the 
least complieaieti of tliosc devices is the sound -powered telephone. 
The .sound-] )o\vere(l telephone changes acoustic energy into electric 
energy, and, even though the electric energy is not ainplifie<l, it is 
transinitUMl over some distance to a receiver. The receiver rcc(jnvcrts 
the ele(‘Lric energy to acoustic energy so tliat we can hear wliat is said 
The old-fashioned homo tekphone is one of the simplest forms of 
sound-pow(M'ed instrumonis. Those of you who have listened on such 
telephones will agree, we arc sure, that what comes (u\t cUves ucd- sound 
exactly like what went in. The s])cccli is distorted, and that (li.slor- 
tiou is one of our main problem.s. 

Intercom ^ydcuis. A sliglitly more complicated device is the 
intcrcoinmuiiieation system. In an intercom system, the acoustic 
energy of the voice is converted to electric energy, but this electric 
energy is now amiilified before it is passed along. Energy' can he 
transmitted over greater distances with the amplificufion tlian without 
it. WiMi inlereoin systems, however, the amplifier provides n new 
source of distortion which we did not have with the sound-powerod 
instrument. 

liadio. When the distance between two persons becomes so great 
that the use of ^Yires becomes awkward, we go to the wireless radio. 
With a radio, the problems of distortion are the same as with other 
systems, but wc have a few new sources of distortion. There are more 
amplifiers, and the use of high-frequency modulation intrnduees all 
sorts of new problems. Eurtbcrmorc, the voltages in radio are very 
small, and tlie j'lroWein of static in the atmosphere becomes severe be- 
cause tlic static energy is often greater than the radio energy. 

The hitman element, GoAicrally at least two human beings arc in- 
volved when these ccjminuni cation devices are used. But, as men- 
tioned jireviously, wc will not con corn ourselves much with tlic human 
clement per se. We are interested in the design of the instiaiments and 
how the design affects the intelligibility of speeclu Even though we 
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disregard the hum an (‘loiueiit, wo nuist always ronu‘ml)(M‘ that it is 
tlicro. The talker and tlic lislonor, Iwiiig human, have limitations 
which wc must take into account at every turn. 

Visible Speech 

Scientists, working at the Bell Telephone Laboratories, have re- 
cently made it possible for us to sec as well as hoar speeidi/’- This 
dcvelopinont has iiiaiiy imiJortant applications. Visible spooch (‘an 
be used for instruction, particularly of the deaf, who cannot hear 
speech. But this development is important also because it has given 
us some insight into the nature of speech and what makes it intelli- 
gible. 

How speech is made visible. First, let us s('C just how it is possible 
for us to see speech. The tediniqiio is relatively simple, A talker 
talks intij a microphone, and from that point on all the frcciuencies in 
his speech arc sorted out into 12 different bands by 12 filters. Twelve 
little lights arc lined uj), and the energy from each filter controls the 
intensity of one light. Across tiiis stack of lights a phosphor screen 
is drawn at a constant speed. As the phosphor screen moves across 
the lights, it begins to glow when one or more of the lights is lit. The 
amount of glowing and wliich part of the screen glows are determined 
by the amount of energy in each of the 12 bands of frequencies, Tlie 
glowing of tlu? phosphor does not stop as soon as the .screen is j)ast 
the lights, but continues for a little while, so tliat the whole pattern 
for a spoken word lasts 2 or 3 seconds. We can then literally see what 
a word or phrase “looks like,’^ 

How different voices look. Figure 100 shows the visible spcccli pat- 
terns of four different voices uttering the same plirase. Tlie voices 
range from low to high, all different in basic pitch range. In this 
figin’e, the vertical scale represents frequency or pitch, and the dark- 
ness of the figure shows the intensity of the frequencies in the various 
bands. Tlie abscissa of the figures is time, starting from the left to 
right. There are general differences in the speech patterns sliown 
here: Some voices use a greater range of frequencies than others do, 
and some show a clearer pattern than others. But in spite of differ- 
ences, it is clear that the general shape of the jiattcrns is very much 
the same. All of them show a frequency spread to start, which nar- 
rows down and then spreads out again, and these changes take place 
at the same time for each voice. 

How different accents look. Figure 101 shows the visible sj’>cech 
pattern for four different sectional accents, ranging from a general 
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Fig. 101. These visible speech patterns show similarities and differences of sectional accents. They 
are similar to those shown in Figure 100. Notice again that the general frequence" pattern is quite 
similar for the different accents. (From R. K. Potter, G, A. Kopp, and Haniet C. Green. Bell Tele- 
phone Laboratories, Visible speech, Van Nostrand, copyright 1947) 
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Amei’ican accent to a real southern accent. Once a^ain there are dif- 
ferences l)etween the accents in the intensities of the various bands of 
freqiiencies. But notice that the general pattern of the speech is still 
the same. There is a common recognizable pattern for all the accents 
and for all the voices. 

This pattern is really a tiinc-frequency-in tensity jiatteni, a change 
in the intensity-frequency relations through a period of time. The 
frequencies are not always tlie same, but the pattern of the froc|Uciicies 
is tlic same. Although we are not sure just how the car is aide to 
comprehend these relations, it seems pretty clear that speech intelligi- 
bility resides in the pattern of fre(iuoncies, rather than in the fre- 
queiicies themselves. In other words, the^ absolute freciuencies involved 
in speech are not nearly so important as the relative frecpiency pat- 
tern. The whole pitch of a voice could be changed an iK-tavo, hut, if 
the frc(iucncy })attern did not change, we coul<l understand the speech. 

The importance of this concept will become clearer as wc discuss 
the factors that affect speech intelligibility. There are many ways 
in which speech can 1)0 distortetl, but as long as tlie frequency ])aitorns 
arc not destroyed, the speech will be intelligible, even tliough it may 
not sound very jn’etty. 

HOW AVE MEASURE INTELTJGTBILTTY 

We mentioned before tliat wc are not concerned with the prettiness 
of sounds. We arc concerned only with the efficiency of a system, 
efficiency in terms of communication. Tlierc are many ways, however, 
of measuring the efficiency of a system. 

Does it produce results? There is little or no point to commnnica- 
tioji unless you want something to happen. Thus the nuj.'^t realistic 
way of scoring a comm uni cations device would bo to count the luunber 
of times that tlie correct action took place on the other end. In many 
cases, however, it is very hard to measure the correctness of the action. 
IMany times you do not intend to produce a specific action; no action 
may occur until several messages have come through, Much com- 
mimicution is solely for the purpose of providing information wliich 
a jierson stores up in the back of his mind for future reference, and 
it is difficult to determine whether the correct action occurred. In 
the laboratory wc try to short-cut any long-drawn-out methods of 
measurement, and so wc use other ways of measuring the efficiency 
of communication. 
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JIow often is it repeated? Another way of niGasuring tlic cfTiciency 
of MpGcc’h comiiiiinioaiion is to detenniuo 'how ofien it has to bo re- 
pojiled before it is correctly heard. This would be a good measure, 
1 ) 11 1 it would take a little longer than wo would like, and there arc 
still better inethods. 

/low lontj does it take? The time re((uired to provide a specific bit 
{)!' infoniintion is iin))oi‘tant in many ciremnstaneos and is related, of 
course, to the nuinlier of rejieats recpiired. Many times, it may be 
worth our while to give less pre<*iso information because we can give 
it faster. This criterion for the efficiency of a communications device 
is a useful one, altliougli it will prove more useful in relation to the 
ju'dblems in the next chu\)tcr, where we discuss coimuuuieations de- 
vices other than .speech. 

How 7na7iy items are heard correctly? The simplest way of scoring 
the efficiency of a communications system is to measure tlie numlicr of 
items hoard correctly. This is certainly the most efficient laboratory 
teclmi((uc, aiul it turns out that most of the other eriteria are ndalod 
to it. We put a number of words into the system and measure how 
many were correctly understood at the other end. Tlio greater ilic 
number of items hoard correctly, the more effieicnit the system, and 
vice versa. 

The ScoiUNCS oe JnsTENiNO Tests 

Determining how many items have boon correctly understood is not 
always so easy as it seems. Tlie Bell Telephone Laboratories and 
more recently the Psyeho-Acoustic Laboratory at Harvard ^ have de- 
veloped many elaborate iechniciues for scoring the efficiency of a com- 
iniiiiicatiun system. These teclmiques were developed over a long 
period of time, and we now know the inten*clations between the vari- 
ous ])ossible techniques that can be used. In otiier words, wc now can 
score the efficiency of a communications system in the most efficient 
manner for any particular case. 

Nonsense syllables. In the first place, in our testing situation, we 
can use nonsense syllables like guky ynip, og, city and aug — monosyl- 
labic noises tliat have no English meaning. With such material we 
can construct a test containing all the sounds and all the possible com- 
binations of sounds found in the English language. The particular 
value of using nonsense monosyllables is that they have no meaning, 
and one word will not be recognized more frequently than another sim- 
ply because the listener is more familiar with it. Tliesc nonsense sylla- 
bles also allow us to find out which sounds are most often and least often 
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understood, Tn establishing any code vocabulary, we can avoid th(jse 
sounds that are most frequently misundcTstood, 

MonoHylhibic words. We can also use monosyllabic words, which 
are like nonsense syllables except that they have meaning. Their i)ar“ 
ticular advantage as test material is that they make possible the 
speedy attainment of articulation scores. Less training time is re- 
quired fur the listener because he is already familiar with all the 
words ordinarily used for this ])urpose. 

Spondees, A third type of material used in artietdation testing is 
the spondaic word. Spondees, as they are called, are woj'ds of two 
syllal)les with no primary accent on either syllable. AYords like 
beehive, blackout, hotdog, and ivhizbang arc spondecH. Sjjonclcos arc 
useful because they have no primary accent on cither sjdlablc, and 
thus both parts of the words arc equally stre.^sed in the speecli. If 
one part of a word is unstressed, \ye are apt to miss it under poor lis- 
tening conditions. 

Seyitcnces. If we want, of course, we can use whole sentences in our 
intelligibility test, for example, “King twice, and batter down the 
door,” or “If a man answers, hang up.” In scoring these sentences we 
usually score only those words found by either tests to be key words. 
In tlie first sentence wc would score ring, twice, batter, down and door. 
If you hear these words correctly you usually get the meaning of the 
wliolc sentence. This type of scoring, of course, em])hasizes tlic fact 
that relatively few, words are actually needed to carry information. 
Many of tlie words used in ordinary s])eech have no value except to 
make the grammar correct. In testing the efficiency of u comnuinica- 
tion system, wc are not particularly interested in good grammar. 

The articulation score. Regardless of the type of material, we use 
one common measure in scoring listening tests. This measure we call 
the articulation score, the percentage of words that are correctly heard. 
Usually, in the test situation, the listener has to write down the words 
as he hears them. Later on it is possible to score how many words 
he heard correctly. If he heard 75 out of 100 words correctly, his articu- 
lation score would be 75 percent. If he heard all the words correctly, of 
course, his articulation score would be 100 })crccnt. If he understootl 
none of the words cMUTOctly, his articulation score would be 0. 

The articulation score can be used to score two systems against each 
other or to coin])aro two <Iifferent conditions using the same s3'stcin. 
If the articulation score is higher under condition A, for examfde, tlian 
under condition we can say that condition A is a more efficient con- 
dition to use in communication. And, if the articulation score i.s 
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hif^lier for system A than for system B, tlien wc can say that system A 
is better to use* tor coniniuiiication purposes. 


FACTORS INFLUENCING SPEECH INTELLIGIBILITY 

AVhon we study siieocli from tlio point of view the ooinniunioations 
ecjuipment, we find a rather amazing and alarming nuni))cr of factors 
that arc specific to each system. One coiniiiunications system, for 
cxanijdc, may have as many as 40 identifiahio factors, each of which 
lias some effect on ilie intelligildliiy of tlic system. In a micropliono 
alone, such things as its frcipicncy response, nonlinear distortion, efli- 
cimicy and impedance, and directionality affect its performance. 
Many other factors, each of which can be changed in the design of the 
ecpiipmcnt, are important. Fortunately, Jiowever, many of tliesc 
factors a(*t the same in different parts of the system, and we do not 
have to study each single instrument of a total sy.stem, 

Ge 7 ieral prmciples. In discussing some of these factors, we will 
rarely refer to specific types of communication c(iuipment. Seldom 
will wc refer to a specific earphone, a specific mierophonc, or a specific 
radio transmitter. We now have so much information about com- 
munication systems that it is no longer necessary to discuss specific 
cases. We can make valid general statements with complete assurance 
that they will apply to any given specific case, 

Ini'ensity 

Oliviousiy, one of the prime determiners of siicech intelligibility is 
the intensity of the speech. If we cannot hear spoecli, we cannot un- 
derstand it. The exact relation between intensity and intelligibility, 
however, is not quite so siinide as we would expect,- 

In qmei. Figure 102 shows us how the word articulation score va- 
ries as a function of the intensity of siiecch, Tlio curve on the left 
shows how intelligibility, or artieulation, incrouses with intensity when 
there is no noise in the environment. Notice that intelligibility in- 
creases very rapidly, reaching almost its maximum .within a range, of 
30 db, but not reaching its real maximum until approximately GO db 
al>nve threshold. One very intei’esting thing about this curve, how- 
ever, and al)out all such curves, is that, as speech intensity is increased 
to. very high levels, spcoeli intcIHgifdlity decreases ratlier than in- 
, creases. This means that there is an optimal intensity for intelli- 
gibility, If the intensity is decreased below that optimal level, or in- 
creased above that optimal level” speech intelligibility will bo poorer.. 
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In noise. Tiie curve on the riglit slinws Ijow intel!igil)ility incrcaf^es 
with intensity of speech when tliere is a very loud noise in the environ- 
ment. You can sec that this curve is roughly the same as the curve 
for the quiet condition, altho\igli tlie lisc is niucli steeper, and intelli- 
gil)ility never reaches lUO percent. In most situations intelli- 
giijility never does reach 100 percent as measured by an articulation 
score. This is of no serious concern, however, lieeause, if 80 to 90 
percent of the woi'ds arc undersloud, we can get the meaning of a total 



Pig. 102. The rchiLioii heiwi^on spoerli ink‘lli|i:ibilily and In tlio quiet, 

spoofh intensity inu.st he ahout *10 tlb befoie nmxiinurn woul articulation is 
obtained. 120 db of n oi.se in tJio l^ackgroniirl, the asable jaiige of 

si)eech intensity is reduced about 70 db. Notice tlnit. botl\ in noi.so and in quiet, 
articulation {lecreascs again when intonhity becomes too great. (After Eg:an, 191C) 

paragraph quite well. It should be clear from the curve on the riglit- 
hand side of the illustration that intensity alone is not the prime de- 
terminer of speech intelligibility. Rather it is the ratio of speech 
energy to noise energy. Intelligibility of speech is determined ])ri- 
marily by how much more speech energy than noise enci‘gy tliere is in 
the listener’s environment. 

This problem of the masking effect of noise in the oiiviromnent is 
a veiy serious one. Furthermore, it becomes mure serious the more 
ciectronic links there are in the eommuiiication system. For example, 
in straight voicc-to-ear talking, the only noise that can interfere with 
the si)eech is the noise in the air. When, however, intercom systems 
are used, we have to contend with not only the noise surrounding 
the speaker and the noise surrounding the listener, but also all noise 
that is introfluced in the amplification process. Vacuum tu])Cs tliem- 
selves generate a certain kind and amount of noise. The more noise 
they generate, the harder it is to understand the speech. In a radio 
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system of communication noise may also lio inlrodiicecl in Use EF 
amplifiers and in the air. Electric, .static is well known to all of you. 
Static not only is very annoyiii};; hut also maUes siicecli har<l to hear. 
Figure 102 tells u.s how iinporlaiit tlie.sc noise prot)l('ms arc. 
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Sound level of speech in decibels re 0.0002 dyne/cm 2 
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Sensation level of speech in decibels above threshold 

Fig. 103. These curves show how sjiooch is relaiiMl to overall in- 

tensity of speech with ilitYerniL speech -(.o-noise ratios. 'Tlie solid (‘lU’ves arc for 
JisleninK in an open room, The dashecl curves are for Ihsleninj? in an o])(‘n room, 
but with oarpliiKs insorled in the ears. Notice that there is an opl imal intcaisity 
level for each S/N value ami that the optimal levels arc shifted to the ripfht 
(higher overall intensity) when earplugs are worn. (After Kryter, 194G) 

Speech -to -7w{se ratio. Intensity per se is not nearly so cruoial as 
we would first suspect. Since the ratio of the speech energy to the 
noise energy is so important, we frequently use the spcech-io-noise 
ratio, or just S/iV ratio, ^ as a measure of effective speecli intensity. ^ 
I'his ratio is easily expressed in decibels, If the speech- to -noitie ratio 
is held c onsta nki^i*ticulation is reasonably constant, regardless of the 
overall level of speech. 

Figure 103 shows us percent aijticu la ti on as a function of overall in- 
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tensity, for various spec rh -to -noise ratios. You can easily see that 
the speech -to -noise ratio has more effect on word articulation than 
does the overalJ level of the sj>eech. The inteiisity <if the sjjeech still 
has some effect, however. There is an optimal overall intensity for 
every s])oech-to-noise ratio.’' 

Optimal speeclt-io-iioise ratio. Those genera) relations rtailain 
direct and lielpfiil hints about the best way to operate a radio receiver. 
If all (lie noise in a ])artieular instance is coiniiip; from the ratlio re- 
ceiver, then changing ll>o gain level on the re(*civ(‘r does nothing at 
all to the speech-to-noise ratio. It simply cliangcs the overall level- 
giving a stronger speech .signal but at tlai same time h-eding more 
noise. When this is the case, the optima! gain is not always the maxi- 
mum gain. If, f{)r example, t!ie spcech-to-noiso is aliout +5 dlj, then 
wc will get best intelligibility around 70 dh intensity level for the 
speech. 

The importance of (jaiti. If, on the otlier haiuh the itiuin s()\iroc of 
noise is outside the receiver, then the situation is entirely different. 
For example, if the receiver itself is relatively r]uiet but there is a lot 
of noise in the air — as in an aircraft — tlien tlie l)est gain is the luaxi- 
nniin possible gain, since we would want t(» get as mucli speech in- 
tensity as possible relative to the noise intensity. When we turn up 
the gain, we increase the speech without increasing tlie noise, Tliat 
is good. It gives us a better spccch-to-iioi.se I’utio and better intelligi- 
bility. 

The advantage of earplugs. We have not mentioned anytliing al)out 
the dotted lines on these curves, but they, to(t, make a rather interest- 
ing story. If we have a fixed speoch-to-iioisc ratio, it is still po.ssiblc 
to increase speech intelligibility. Let us take the case we just men- 
tioned — in which all the noise is produced by an aircraft. In this 
instance wc would want to push up the speech energy as far as possible 
above the noise energy and thus get the best i)ussihle speech- to - [kusc 
j’atio. But wc know that any given specch-to-noise ratio wiW give us 
the best intelligibility if the overall level of the speech and noise is 
right. If wc increase tlie gain to maxi mum, the overall level may be 
too high for best intelligibility. 

Now, when tlie noise is primarily in tlic air, we cannot decrease the 
ovei*all level <if botli signal and noise by changing the gain of our re- 
ceiver. We can, however, effe(‘tively change the o-^mrall level at our 
eardrums by inserting some kind of a stop in the eardrum — an earplug, 
or even a wad of cottozi. Either will do the same thing, except tliat 
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the earplug will do it i)otter. We essentially decrease the overall level 
and thus increase speech inlelligibility. What has happened in the 
dotted curves of Figure 103 is tliat the insertion of an earplug in the 
listener’s ear has shifted the whole curve?, llcineniber that the speech-* 
to-noisc ratio was already detennined l)y the amount of noise in the 
environment; that is fixed. But, if we can change the ovei'all level by 
changing the amount of noise and speech hitting tlie eardrums, then 
we can improve speech articulation, or intelligiliility. In such noisy 
places as aircraft, factories, and cock i ail Idunges, the use of earplugs, 
]')aradoxical though it may sound, will increase a perscjids ability to 
hear what is being said. 

In summary tiicii, the intensity of speech is a ])rime deienniner of 
the intelligibility of speech. The spcech-to-noisc ratio, however, is 
more imiiortant. than the overall intensity of the noise. But, even 
with a constant si)oecli-io“noise ratio, speech intclligiliility can be im- 
proved if (he (nTrall system is operaied at a ])ropcr gain level Under 
conditions wlioro the noise and speech arc coming from tlio same 
source, this overall level can he set wiili a simple gain control. How- 
ever, wlien the noise and (he speech are coming from different sourecs, 
then the overall level can he changed only by decreasing some of the 
sound at or near the eanlriun, Farplugs do this. 

Frequency Characteristics of Speech 

Intensity is not the only thing that determines speech intelligibility. 
The speclniin of tlie .speech — the patterned distribution of energy 
among the various frecpuaicics in speech sounds — also has a lot to 
do with the intelligibility of si^cech. Wo have pointed out ju’oviou.sly 
that the frequency pattern is what makes it possible for us to under- 
stand speech. If wc destroy this pattern, we will sei’ioiisly affect our 
ability to imdorstaiid words. 

Here wc immediately encounter the problem of frequency distortion. 
— the ])robleni of infidelity on the part of communications devices. 
Fi'ociiiency distortion consists in not transmitting all the freciuencies 
with the same ainplitiule, so that the spectrum coming ouli of an in- 
strument is not the same as the one that wont in. The most usual 
type of 'distortion consists of not transmitting some freqncncicKS at all. 
In AM radio, for examiilo, no frequencies above 5,000 cycles per sec- 
ond are transmitted. This is a form of frequency distortion that, for- 
tunately, is not too serious, because most of the speech energy occurs 
at frequencies below 5,000, Other types of frequency distortion occAir 
when we have a very small si)cnker in an intercom system, because 
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a small speaker docs not transmit the low frequencies very well. 
Almost any electronic system, or any teleidione system, has some fre- 
quency distortion. TIic main problem lies in determining iH)\v inucli 
frequency distortion cun be tolerated for a given level of intelligibility. 
But befox'e we get involved with the.se problems of frecpicncy distor- 
tion, let us look at the normal s])cec!i spectrum. 

The speech spectrum. Figure 104 shows the distril^jution of energy 
at various fre(|uencies in normal human speech. Thi.s sfxectnau was 
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Fig. 10 J. The normal speceli spectrum. This curve .«liows how .'Ji)rech energy is 
distributed among the many spcocli frequeneioh. The intensity slmwn for each 
frequency range is thn nvenigo over a long period of time. The curve drawn here 
is the average of many measured spectra, both male and female. 


obtained by averaging measurements made by different investigators 
fur both male and female voices. We see in Figure 104 that siieeeh 
energy decreases more and more above 600 cycles )ier second and that 
tliex'e is aiinosfc no energy above a 2 ‘>proxiinatol 3 '’ 7,000 cycles ])er >second. 
The speech spectrum tells us tliat, if our communications system cut 
out all the frequencies below 2,000 cycles per second, we wtiidd not 
have so much energy left as if we lost all the frequencies above 2,000 
cycles per second. But wc shall see in a moment that it is more impor- 
tant to know whicli fj’oquenries arc cut out than to know how much 
energy is lost when they arc cut out. Some frequencies arc more 
important than others, even if they have less energy. 

Frequency distortion. Almost every known electronic or electric 
device produces some fre(iuency distortion. If distortion must occur, 
and aj)parently it must, then we at least should be diligent in our 
efforts to make it happen where it matters least. Figure 105 shows 
what happens to the articulation score as we cut out either the liigli 
or the low frequencies.® One of the curves, the one that rises with 
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iiicroRiseil frequency, shows wluil happens when the iiigh frequencies 
arc cut o\it ami the low frequencies are transmit (ed. ''riuit ])artieular 
curve shows tliat, if all the frequencies below 1,000 cycles per second 
are transmitted— but none above 1,000 cycles per second— the articu- 
lation score is less than 30 percent. If, on the other hand, all the fre- 
quencies l)elaw 10,000 cycles per second are iransniitled, then our 
articulation score is nearly 100 ])ercent. The other curv(» shows wliat 
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Fin. 105. The ('ftWi of frcfnif'iicy ilist orthm on speech inti^liKihilily. Th(‘ "low- 
pass’^ curve shows how word uriieululion iiic reuse ns IJk' I mini of tran.sinitlcd 
frequencies inereas(‘.s. For that curve, all frcHpieneies Ix'low tlu* fr('qU(*n(*y in<li- 
cMitecl on the ahsi'i.'isii are passed throuj^Ii (he .system, and all higlier fn’qui'ncios are 
roje(5Led. The “high-pass” curve indicnies word ariiciilation when all froqu<*n(*io.s 
aliove a given level are tninsniiiit'd and all lower fiequendes are rejected. The 
two curves cross just la*lnw 2,000 cps, oii<l so we can eonsitha* Dial, the frequencies 
above 2,000 cps conirdmte as much l.o intelligihilily as the frciiuencies below 
2,000 cps. (Afl.er French and Steinherg, HM7) 

happens if we cut out the low frequencies but tnui.sinit (.he higli fre- 
quencies, For example, if wc cut out all the frequencies below 1,000 
cycles per second then our articulation stiorc is approximately 90 per- 
cent. If we cut out all of tlie frequencies below approximately 7,000 
cycles, then our articulation score is 0. 

There are two very interesting tilings to be noted alxait this par- 
ticular set of curves. In the first place, wc pointed out in Irhe preced- 
ing section that most of the speech energy occurs at frequencies below 
1,00 0 cycles per second. But if wc cut out all the frequencies below 
1,000 cycles per second the articulation score is not seriously affected. 
It drops to 90 percent, which is still i)retty good. In fact, wc still have 
mucli better than 50 percent articulation when all of the frequencies 
below 2,000 are cut off. although most of tlie energy in 

the speech spectrum is in the low froqu(3neies, the high frequencies are 
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iiuicli more important in inakin^j; speech intollip^ihlc. Tliis makes sense 
when we consider once again the fact that speech intelligibility is de- 
termined by our recognitii^n of tlie frequency pattern, rather tlian our 
ability to hear the low frcrpioncies. In speaking, tliere is always some 
fundamental frequency which tends to be very knv~~500 cycles or less. 
This fundamental is not nearly so important as the overtone structure 
which gives us the frequency pattern. If we destroy tlie overtones 
we also destroy the frequency pattern and decrease intelligiliility. Fur 
this reason, it is much more important to keep the frequency pattern 
than to keep the frequencies that have the maximum energy. AXaxi- 
miim energy docs not necessarily imply maximum intelligiliility. 

Tlio second important thing to note is that, when these curve.s cross 
(at approximately 2,000 cycles per second), the articulation score is 
better than 50 percent. If wc cut out all the frerjuencics above 2,000 
cycles per second we have approximately 67 percent intelligibility. 
Likewise if we cut out all the frequencies below 2,000 cycles per second 
we still have approxiinately 67 percent intelligibility. In otlier words, 
all the fretpicneies above 2,000 cycles per second contribute as much 
to intelligibility as all tlie frequencies IjoIow 2,000 cycles per second, 
but when eitlier group is present by itself intelligibihty is better than 
50 percent. This means that both the higher and the lower frequencies 
arc contributing more to intelligibility than is actually necessary. 
Alt)) ou gli ail the frequencies above or all t))e frequencies below 2,000 
cycles per second would by themselves produce 67 percent intelligi- 
bility, the addition of all the frequencies together jiroducos only 100 
percent articulation. In a sense, tlien, when all frequency components 
are lu’csent, we have more intelligibility than we really need. 

Efjev( oj Figure 105 sliows only one set of curves relating 

speccli intelligibility and frequency distortion. The particular sliape 
of these curves and how high they will get depend to a large extent on 
the intensity of the speech. And, io a large extent, any given ainount 
of frequency distortion can be off .set b}' increa.sing the overall gain 
level: An increase in intensity partially offsets the deleterious effects 
of frcqucJicy distortion.^ Many curves of the type shown in Figure 
105 are necessary to get the complete picture, and we do not have tlie 
time or the space to show all of them here. It is possible, however, 
to work out all the relations between intelligibility and frctjuency dis- 
tortion and to determine how much intelligibility can he restored by 
increasing the intensity. Obviously there is a point beyond which no 
increase in intensity could compensate for frequency distortion. If 
none of tlie frequencies below 7,000 C5afles per second, to take the 
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extreme example, were tramniittod, then wo could not ))tiSHi()Iy p;Gt 
any intelligil)ility even Miougli we increased the gain a iromendous 
amount. 

Knowing, however, what the reJations arc between frequency dis- 
tortion and gain to i)n)(hicc any given amount of inlelligibiiity, wo 
can determine tlie optimal d(?sigii of any electronic or electric system. 
In many systems, it is much simpler to increase the gain than it is to 
provide a jierfoct i’osi)onsc. 

It should ho pointed out furtlicr tliat these generalised functions 
apply regardless of whore the frecpiency ilistortion oeciirs in any given 
systeni, Precjiioncy distortion may occur in the micro]dionG, in the 
electric components, in any of the amplifier systems, and in the 
speaker or the earphones. Regard loss of where the distortion comes 
from, the e/foct is the same. That is wJiy wc do our expcriineiits with 
general effects ratlior than in terms of any specific type or unit of a 
tolal cominunicution system. 

Frequency CuARACTEiimTics or 'rim Masking Noise 

The frequency characteristics of the irunsinitled speech are, to be 
sure, important The frequency charucicristics of the noise which 
makes it hard to licar speecti, however, are prol)ably just as important 
The particular type and quality of the masking noise, or signal, <lc- 
t ermines to a very large extent tlie amount of masking that will bo 
jH'oduced and, in turn, the amount of intelligibility wc can get through 
any ])articular systeni. Once again, it does not mailer whether the 
masking noise is in the eoinm uni cation device itself, at tlie ])oint where 
the s) leaker is talking, or at the point where the listener is listening. 
Regardless of whore the noise comes from it lias the same effect. 

Figure 106 oom|iares the masking of pure tones to the masking of 
noise. The intensity of the masking sound is plotted on the abscissa. 
On the ordinate wc have shown how much the intensity of tlie speech 
has to be increased in order for us still to ]i(?nr it with the same in- 
telligiluHty. For example, suppose we arc working witii articulation 
scores of SO percent. In the curve showing the mashing effect of noise, 
60 db of masking noise makes it nece.ssary to raise sp(U‘cli approxi- 
mately 25 to 30 db in order still to have 80 percent intelligibility. Of 
course, any other particular articulation score could be used, and tlu' 
shape of this function would slill be about the same, 

il/«8/ciaf/ hxj Tlie important thing to notice about Figure 106 

is that speech is much harder to hoar in tluj ])resencc of noise than in 
the presence of tones. Rurc tonc.s of 300 and 1,000 cycles jier secfuid 
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produfie very lifcUe masking of tlu* tiiteecli even with intensities as great 
as 70 dl). The SOO-cyele-pcr second tone does more masking witli still 
higher intensities, but tlic 1,000-cyele-per-sccond tone has only a small 
effect even with an intensity as great as 120 db. We rcineinher from 
the last chapter that low tones mask high Umes r|ui(e well but that 
high tones have very little clTcet on low hmes. That explains wliy 
the 300-cycIe-por-seeond tone has more etTcet than the i,000-eycic- 
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Fig. 106. A coinparison of Uio masking of apeonh by iioiMj amt by tones. The 
absciswa incHnilcs tho intonsity level of the masking soiimh ami the ortlinntc iiuli- 
eal<*s lio\v luiifh the intonsity of the spoooh had to be incroascfl for it to be heard 
as well with the masking sound as without it. Notieo that noise masks speech 
much more than the tones do, but that the 300-eps lone has irioro effet't than the 
1,000-cps tone. (After Miller, lOdV) 

jDer-second tone at high intensities. As the intensity of the low-frc- 
((iioncy tone is increased, it makes frequencies near it hard to hear 
but also makes frequencies as high as 2,000 cycles per second and 
higher hard to hear. The 1,000-cycIc-per-second tone, on the other 
hand, affects only frequencies above 1,000 cycles per sccoinl, and all 
the lower frequencies can be heard quite easily. 

Masking by noise. Noise, however, masks speech much more tlian 
either tone docs. Noise lias many difYorent frequency components, and 
all these frequencies help to mask both high frequencies and low fre- 
quencies. It is, then, much more likely that any particular freqiUMic}'' 
C 02 np 02 }ent of the speeeJi ivill be ma.sked iviioji there i.s noise in tlic lis- 
tener’s background. Tins is an important point to remember if we 
want to interfere with other people’s communication. Occasionally, 
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although not always p(»litely, wo would like to make it hard for two 
people to c(uiimiinicaic with cucli other. If that is what you want to 
do, then use noise rather tluin tones. A pure* tone is a great waste 
of go(xl energy in trying to prevent the conuniinication of otliers. 

Kiuda oj iwiae. All noises are not. tlie same, and tlie masking pro- 
duced by different kinds of noises is not always tiie samc.‘'‘ Just as 
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Fjo, 107. TiiO inii.sliing of by rariou.'f noiao sporfm. curvp sJjows Mic 

masking prodiif-od l>y narrow hands of noise freqiioneics. Tho iil>sci.ssR indit'alo.s 
tlifi cenlrr of the buinl of frc(HJoiuji<‘S, and the oniinuto is .spoocli intelligibility. 
Each curve is for a difTerenl intensity level of the ma^^king noisr!. Notice tliat., as 
the intensit.v is increased, the frequcncie.s that nnislc speech most sin ft toward the 
low frequency end of tlio sped rum. (After Milha-, 1947) 

the frequency of a ]>ure tone dctennincs how mueli masking will result, 
so the frequency spectrum of the noise determines how much masking 
will liappen. Figure 107 shows us that the amount of masking that 
noise produces depeiuts on t)io frequency t)aii(l of the noise. Fhe curves 
in Figure 107 wore obtained by using narrow hands of noise frequen- 
cies aiul measuring the loss in intelligibility wlion the listener iieard 
these various noises with tlie speech. Tlie intensity of the noise is 
indicated oii each curve, and the al)srissa shows the center freqiiom^y 
of the hands of masking noise. The hands of noise used were: 135- 
400, 350-700, {)0()-1,1()0, 900^1,500, 1,300-1,900, 1,800-2,500, 2,400- 
3,120, and 3,000-4,000 cycles per second. 



Frequency Characicrlstics of (he Metf^khuj F^oise SSI 

Wo can see from these curves that speecli intcllip;ihility is fairly 
good when tlio masking level of liie noise is relatively low. But, as 
tin* intensity gets greater, the articulation score drops quite rapidly. 
At tin; more intense noise levels^ the best bands of noise frequencies 
are those below 1,000 cycles per seeond, if by best \\v mean the ones 
that ])r<Kluce tlie most effective masking. Wiili lower-intensity noises, 
the bands of fivcpieiicies above 1,000 cycles per secoiul have tlie great- 
est effect. Thes(‘ differences at low and iiigh intensities are tlie same 
kiml we saw with i)ure tones, and the explanation is the same. The 
most im])ortant speech frequencies — although not the most intense — 
are those above 1,000 cycles per second. At low levels of masking 
noise, noise frccpiencics in this area liuve the greatest effect, because 
they mask the most important speech frequencies. With more intense 
masking noises, Innvover, jnasking effects tend to sprea<I. This spread 
of masking oficet is greatest with low fre<iuoncies, however, and thus 
th(i low frequencies have more effect on speech intelUgihility tlian tlie 
higher frequency noises. And once again we can summarize by p(jint- 
ing out that, at intense masking levels, low frcffuencies mask higher 
frequencies; but higher frequencies have very little effect on lower 
frequencies. 

Maakuig by voices. A pure tone produces some masking, particu- 
larly if the tone is low frequency. Noise is still more effective. One 
type of masking noise we frequently encounter is i)roduced by the 
h\iman voice itself. Frequently we get interference in communication 
because more than two people arc trying to communicate at the same 
time and place. For the same total amount of energy, speech is far 
and away the most effective masker of other speech. This is ncjt at 
all unreasonable when we realize that tlic l)est way to mask any signal 
is to use another signal just like it, and the most effective masker of 
any frequency s])cctj‘iim is an identical masking S])ectrum. The one 
best way of getting a masking spectrum identical to the speech spec- 
trum is to use liuman voices in prochicing the masking spectrum. 

Figure 108 shows how well voices mask other voicos. How efficient 
the human voice is depends on how many different voices are doing the 
masking. One voice all by itself has much loss effect than several 
voices all talking at the same time. When only one voice is doing 
the masking, there are holes in the speech because a person does not 
talk I'cally continuously, even though we think so at times. There 
are hesitations, and occasionally lapses to allow us to breathe. In 
between those gaps in the speech we can hear the words we arc lis- 
tening for. ^Vhcn several people talk at once, however, the noise 
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from one person’s voice fills in the {^aps from another person’s, so that 
there are no gaps left* 

It is small wonder, then, that wc have the greatest diHieulty under- 
standing speech in noisy places like night chihs, wliere most of the 



Fia. 108. Tho masking of speech hy voices. ()ii(‘ voice will musk an oilier voice 
wi/li a high in/en.sity. fcsc rural voices, all 1 a Ik tiig at once, hare a much more 
serious effect than just one voice, because the various voices ar(3 not all saying 
the same thing at tlie same time, and thns ih(' holes in ono pel•Kon^s speech are 
filled in by another person's. (After Miller, 1917) 

noise comos from other people all talking at onec. If you want to get 
really good communication find a nice cpiiet corner in the woods, where 
iioIxHly else can talk when you want to talk. 

AMruTunn Distortion 

We have not yet mentioned tim problem of amplitude distortion. 
That is, however, a very serious proliiem and one aliout which we 
know a great deal. Amplitude distortion occurs whenever there is 
some nonlinear relation between the intensities in a system — when the 
intensity of what conies out of a system is not linearly relai.ed to wliat 
goes in. The distortion may occur in Die am])lifiGrs, in the earphones 
or the micro jihones, or in the modulation stages of a transmitter. 

Types oj amplitudG disiortion. There are many ty]>es of amplitude 
distortion, and different effects occur with different kinds of distor-^ 
Nonlinear amjilification may occur at any ])oint along the 
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pi'essiii’e Wcivc of a tone or complex wave. Center clipping, for ex- 
ample, is t)ne kind of ainjditudc distortion. Tn center clipping the area 
in the center of the total wave form, that is, the intensities around zero 
pressure, arc rejected from the system: Only the big positive and nega- 
tive pressures come tl iron gin When we s])eak of peak clipi>ing, we 
mean that the top) and the Imttom of the wave are flattened off and 
not amplified at all. Tliese arc actually two extreme cases of aiii])!)- 
tude distortion. Wc may have all the int(‘i'niedi{ite cases. For exam- 
ple, simple linear recti lie a ti on is a form of dLstortion. In this case, 
only one-half the pressure wave comes through. Also wc may have 
symiuetrical peak clij)i)ing or asymmetrical peak clipping, or the clip- 
ping may not be sharp. In other words, we may have linear amplifi- 
cation up to a particular point, beyond which the amplification, al- 
though still linear, may have a (lifiVrent slope. In Figure 100 wc see 
two extreme forms of elii)ping. Tlicse two forms of amplitude distor- 
tion we call peak clipping and center clipping. 

Differences in peak and renter rlippincf. Peak (dipping and center 
(di])ping produce quite different results on speech iiitelligihility. The 
diff(M‘ence between the forms of clipping is clue primarily to the nature 
of speech. All speech is made up of consonants and vowels. Vowels 
usually have considorai)ly more energy than consonants: The maxi- 
mum energy of vowels may be five and ten times as great as the energy 
in the consonants. Tims wlien wo peak-fdip, wc tend to discriminate 
against the vowels in favor of the consonants, because we cut init tlie 
big pressures, but leave in the small pressures. On the other hand, 
when we center-clip, wo tend to diseriminatc against tlie consonants 
in favor of the vowels, because wc cut out the small pressures and 
leave in the big pressures. 

Actually, we can get along much better without vowels than we can 
without consonants. In rapid speccli, vowels sound pretty much alike. 
We really do not discriminate between vowels at all well. If, how- 
ever, we are not careful in oiir consonants, words arc very poorly 
understood. For example, in the following sentence, we have left tlie 
vow(ds as they should be but have made all the consonants alike. 
iv vivvivuvv vo veav vviv vgvvo\wc.’’ As you pronounce this sentence 
it is hardly intelligilile. AVhat you have done is simply to make every 
consonant sound alike, although you have pronounced all the vowels 
as they should be pronounced. 

Now in contrast look at a sentence in which all the vowels are pro- 
nounced alike but all the consonants are correctly pronounced. ^‘But 
thus suntunc luks und sunds sumwhut undiirstundubk” This sentence, 
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unlike the jn'cvioiis one, is fairly intolligihle, becniiyo'all the consoniints 
are correctly ])r<)m>uncc(l. In tl)c center and |)cak clipping sliown hero, 
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Fio. 109. Illiisimtions of two kinds of moplif.ude clislortioii. Peak clipping, shown 
on the left, involves rejeotiem of the InrgfMUuplitinlo eoinponents, while the snuill- 
amplitiule components conio Ihrougli Itu' systtnn. Con tor clipping, on the right, 
Tojeeta the ainjilhamplitnde conipoiuails and allows the large amplitudes to come 
through. Twonty-fonr docihels of peak clipping is intelligible, wliereas 4 fib of 
center clip] an g is unroeognizable. (After Licklider, 1944) 


peak clipping of 24 clb gives readily intelligible speech, whereas center 
clipping of 4 clh makes speech mcomiH’oliensible.*^ Center clip])ing is 
definitely clisadvantagcous. Peak clipping, on the other hand, may 
have certain advantages. 
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Advantages of peak clipping. Although it is tmo that peak clii>- 
ping makes speech sound unreal — makes it sound distorted — still this 
peak clipping may oli'er certain advantages in a euinin uni cations sys- 
tem. This ail vantage is due to the fact that, in any system limiled i)y 
peak energy, wo can get greater average power by pcak-clipjiing the 
signal and tlien rcamplifying it. Tlie most obvious case in which 
this holds is in radio which uses am]^litude modulation where the lim- 
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Fia. 110. Th(‘ of peak clippiuK on the intelJkiljilily of spccfh. Each curve 

shows won! articulation us a function of speech iiifcn>ily for different amounts of 
peak clipping. Afler the peak clipping, each speech wave has been amplific<l so 
that all curves are equated in terms of peak intensity. NuHce that the iioak- 
ciippod speech is more intelligible than the imelipped speech. Tlii.s increase in 
intelligibility is primarily due to the in creased average intensity of the speech 
that we obtain with peak clipping, (After Licklidcr, 1946) 

iting factor is the peak amiditudc rather than the average am]>]iiude. 
Greater average power can be obtained with any given peak power 
if the speech is squashed down, so to speak, and neatly packaged into 
a small bundle. We do tliat when we peak-clip. 

With ordinary speech transmission, for example, tho peak amplitude 
may be as much as five and ten times as great as the average ampli- 
tude. AVhcii, however, the speech is severely clipiicd, the peak in- 
tensity may be as little as 50 percent greater than the average in- 
tensity. This is certainly ofiTicicnt in lernis of a power system. 

Peak clipinng in transniission. The question still remains, however, 
whether this increase in power actually leads to an increase in intelli- 
gibility or whether the distortion introduced has made tlie speech so 
unrecognizable that it cannot bo used. We have plenty of informa- 
tion on that matter. Figure 110 shows us the relative intelligibility of 
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imdistortcf] and poak-rlippcMl spnooli, wluni ilic spnorh is oqiiat(‘d in 
terms ni' peak amplitiale. (In i\ radio'-lninsinission system, the car- 
rier power would 1)0 Un? same, and the percent modulation would be 
the same for each amount ot peak (dippinij;. ) Wc cun readily see tliat 
an advantage in speech intelligibility is obtained even when the clip- 
ping is as great as 24 dh. Twenty-four-dccibol clipinng means that 
the speech has been cut down to J/kj its former ainplit\Klo and then 
amplified so that its peak amplitude is the same as it was when it 
started. This is an amazing anunnit of distortion, and it is even more 
amazing when wc realize that arliculatioii scores can actually be iin- 
provecl by introducing such distortion. 

We can easily see liow elipinng (‘an have a good effc^ot in such a cir- 
cumstance. We have neatly pjU'kaged the speech and iiavc increased 
tile average energy at the expense of peak energy. This increased 
energy has nujrc than offset the disadvantage of distorting the siicech. 
It is true that distortion in siieccli oi‘<linari!y is not desirahle, hut, as 
wo saw in the case of frequency distortion, distortion can be ovtu’comc 
by inoans of an irn'i'cased gain. 

Peak clipping in receivers. There is another case where peak clip- 
ping is advantageous, although for quite differeut reasons. Instead 
of clijiping before we irnn.smit the speech in a radio wave, we can do 
our clipping in the receiver. In Figure 111 we see the effeet of clipping 
at the receiving end of the system. Tlio two curves shown are for 
clii>ping and no clipping. With the limiter — the ('lii)per — in the re- 
ceiver, it is very apparent that word articulation is consideruhly in- 
creased. What has actually happened in this case is l-hat the noise 
wliicli ordinarily masks the speech has been discviininated against in 
the clipjiing. A good portion of the noise that comes through most 
radio receivers is of the static type. Static noise is very sharp and 
spiky ill appearance, and its peaks may be considerably greater than 
the peaks of the speech. By clipping this whole signal, both the speech 
and the noise, the noise is clipped off more than the speech, so that 
we get a more favorable speccli-to-noisc ratio. 

Premacliilation clipping (before radio transmission) is performed 
before any noise has been introduced into the system. What wc do, 
essentially, by this soi-t of clipping, is to increase t)ie average power 
of the speech with respect to the noise. With receiver clipping, we 
likewise can increase the speech energy with respect to the noise energy 
because of tlic diffiu’cnces in wave form of the two tyjics of sound. We 
know that we can clip speech a great deal and still have good intelligi- 
bility of speech. We also know that, if in that clipping process we 



Time Distortion 


237 


CHii got. rid (jf a good i)it of the noise, we have gained a twofold ad- 
vantage. Not only have we increased the average amplitude of the 
speech but wc have also increased the energy of tlie speech wdth re- 
spect to the energy in the noise. 
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Flo. 111. The effect of i)eak clipping in a radio lecoivor. Tlio.-e two curves show 
word articAilation ns a function of spooeh intensity, with spcpcU intensify c'xprc>se<l 
as the ratio (in dcoihols) of 1,1 le rjulio-cavrier intensity divided by the intensity of 
tile inlorfering noise. With peak clipping in the receiver (the limiter) speech 
intclligiliility is improved, because the limiter discriminates uguinst the interfering 
noise in favor of the speech. (After Lickliiler, 19 IG) 

Time Distortion 

AVc sliould mention, briefly, one further type of distortion whirl) 
usually does not have a very serious effect. Time distortion consists 
in not transmitting all of the speech all of the time. Obviously if the 
radio is turned off every other second, your iultdligihility will he do- 
(U’oascd to about half. But, if the radio is turned off and on very 
rapidly, the effect on intelligibility is .surprisingly small. Experiments 
have shown tliat, if speech is on only 50 percent of the time and is 
turned off and on at a rate of S times per second, speech intelligibility 
is reduced only to approximately SO percent of what it would be if the 
speed) were on all the time. In fact, speerh can be intcrrLi])tGd at 
this rate so that it is on only approximately 20 percent of the time, 
and wc will still get an articulation score of approNimatcly 30 por- 
cent.^^ 
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Til is type of distortion is not too serious because the car fills in tlic 
between the speech, and, as long as the basic (dements of the 
frc(jucncy pattern remain, intelligibility is fairly good. If the speech 
were interrupted at a rate slower iban 8 limes per se(a)nd, the effect 
would be more serious. Most specTh sounds last for approximately 
Yg second or less, and at the lower rates we would begin to lose whole 
speech sounds. If the speech is interrupted at much faster rates, the 
effect on intcliigihility is even less, hecause every single s|iccch sound is 
heard at least long enough for us to recognize the speech pattern. 

Other Factors Affecting Speech Intelligibility 

Tlie coverage in this chapter of tlie factors that can affect speech 
iiitelligil)iliiy has been very cursory. The niunhcr of factors that can 
affect speeeli intelligibility is so great that we could not possibly cover 
them all in anything loss than a full-sized vohimc. We should, how- 
ever, at least mention some of these other factors which wo know fi’om 
experiments affect speech intelligibility. In any system design all 
these factors must he taken into account.- 

The speaker and the listener. Tlie aiiility and the training of the 
sj)cakcrs and the listeners who use the eipiipment are important. 
There are wide individual differences in performance, and the fact 
that it is possible to get considerable imiinjvement in ])orformancc by 
]U’opor training and practice emphasizes the need for training and 
selection iii*ograms in any job that requires a great deal of speaking 
or listening. 

The speech soiaids. Another factor, which wc have mentioned but 
not discussed, is the inherent audibility or iniolligibility of the speech 
sounds thomselves. Sonic spcecili sounds (uin he iicard iiiiich more 
easily than others. Some speech sounds are much more easily ma.skcd 
than otliors. Some spcecii sounds arc more difficult to say than others. 
There have been many studies on tliis type of problem, and wc know 
much about the selection of vocabularies in terms of their speech 
sounds. The relative intelligibility of any word is determined by the 
intensity of tiie oomi>oncnt speech sounds, tlic spectrum of the com- 
ponent speech sounds, the number of the com]ioncnt speech sounds, 
and tlic relation of a puriiciilar s]iooch sound to other sounds in the 
language. In constructing a code language, these factors must be con- 
sidered. 

Experience. Other psychological variables which determine speech 
intelligibility are the relation of the dialect or accent of the listener to 
the dialect or accent of the speaker. There arc marked variations of 
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l)ronunciation of certain sounds, and, although the words usually can 
be recognized, the facility wdth which any particular speech sound is 
recognized is a function both of the normal accent of the speaker and 
the normal accent of the listener. Also, the educational level of the 
listener has a great deal to do with the iiit(dligil)ility .score you will 
obtain. How often you hear a particular word depends on your con- 
versational level. AVords familiar to people with ccdlege educations 
are less familiar to people with only a high scliool education. In 
selecting any particular vocabulary and in selecting a speaker who 
will talk to a particular audience, we should consider these differ- 
ences in familiarity of words. 

Cor^text of ivorrh. Another psycholfigical factor is the context of 
the word. By context we moan the set of \vonls that usually occur 
with the particular spoken word. For cxainplo, we arc much more 
apt to recognize the spoken word river if we have been talking about 
houseboats than if we have been talking about duststorms. The Wf>r(l 
river is much more in context with the word houseboat than it is with 
the word duststonn. The context is deterinined by how often a par- 
ticular word occurs with other words and by certain known relations 
which are inherent in any particular language. The articles, such as 
an, Uy and the, very rarely appear all by themselves. They occur in 
the context of a noun. And some sentences invariably have an article 
lircceding the first noun in the sentence. This problem of context is 
particularly important when wc are working with specialized vocabu- 
laries, vocabularies artifically produced to decrease the number of 
words we need to transmit any particular information. 

PRACTICAL APPLICATIONS 

Throughout the discussion in this chapter we have said relatively 
little about actual practical applications. How do we go about using 
all the information that we have presenter I here, and that we have in- 
dicated is present in other places? Unfortunately, as we have men- 
tioned before, the number of facts and the number of factors operat- 
ing are so many that it is impossible to get a comi:)lete discussion of 
all of them in one short chapter. It is certainly not possible to make 
a perfectly designed communication system with the information pre- 
sented in this chapter. At best, we hope that this has acquainted you 
with the most important factors affecting intelligibility so that you 
can recognize where the most serious effects occ\ir, and how to correct 
them. 
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AroihHtical treatment of rooma. Practiral applications occ\ir in 
almost any area where speech coinmniiicalion occurs. Even in direct 
voice-to-oar cominunicaticm, somelliin^ can be done about controlling 
tlie amount of masking noise in the environment. Such things as 
acoustical treatineni of rooms and the insuhdiun of one room from 
another can be used to increase the efliciency of the communication 
between two ]ieoi)le. 

Electroyiic equipment. \Vlienever we become involved in problems 
of clecironic or electric equipment, the nuinhcr of practical apidica- 
tions is immense. At cvei'y j)()int in a radio system, or an intercom- 
munication system, something can be done about designing ilic fre- 
qiicnoy characteri.stics in the system and the gain level of the system, 
ill order to produce the best intelligibility. At the jiresent time, tliere 
is little question that communication systems arc not designed in 
terms of best intelligibility. Quite frequently, it is prohalile tliat an 
ideal design can never be achieved. If tliis ideal cannot be aohioved, 
tliei'o is some best compromise in terms of intelligibility. Designs are 
frec|uently made in terms of an aesthetic finality when they slimdd 
be inaile in terms of the practical applicathm of the system. Intelligi- 
bility is more important than beauty. If we want to listen to music, 
many of these jmiblems do not ari.se, because wo do not want to dis- 
tort music. AVc listen to music for its aestlictic qiuilitio.s. But nor- 
mally we listen to speech because we want to understand the words. 
In this case any radio or intercommunication system can be designed 
to serve that particular function best. 

Hearing aids. One further application which we should mention 
because of its importance in very recent years is that of iiearing-aid 
design. Considerable work has been done on the ])i’o))lem of the l)est 
way to design a hearing aid. We have not mentioned any of that 
work in this chapter, because most of the ])rinciplcs are the same as 
they are for any other communication device. Many times attempts 
have been made to adapt a particular frequency response of a hearing 
aid to a ])articular type of deafness. We saw in the last chapter, and 
to some extent in this chapter, that the frequency-response character- 
istic of the ear is very much dependent on tlie intensity of the sounds. 
If there is a masking noise in the background, the frequency -re- 
sponse characteristic is that determined by tiie intensity of the 
signal, not by the masking background. Deafness acts very much 
like a masking background. Realizing these facts, and the funda- 
mental nature of the operation of the ear, wo know Unit in most oases 
the be.st way to design a hearing aid is to have e(|ual amplification 
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for all frequencies. In other words no atteniiits should i)c made to 
compensate the frequency response of the hearing aid to the particu- 
lar type of deafness of the individual. The frequency response of 
the ear is determined primarily hy the intensity, not hy the amount 
of hearing loss. 

Hearing aids present a particularly ticklish prohlein, because the 
veiy small size involved produces many prohleins of acoustical design. 
It is hard to get a good frequency response with sutdi a very small 
earphone. Likewise it is di/Ticult to get good frequency-control charac- 
teristics with the size of amplifier used in most hearing aids. Even 
with those difiiciilties, however, there is a Ijcst design. 
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BECAUSE WE USE SPEECH SO MUCH, IT IS EASY TO FORCJET THAT THERE ARE 

many other kinds of sounds that wc can use to comniunicatc witli each 
other. Some of these sounds provide us a moans of communication 
deliberately, and some accidentally. AVe whistle wlien we want to call 
our dog or occasionally when we want to let somebody else know of 
our arrival. AVe blow the horn of our automobile when we want some- 
body to get out of the way, or sometimes in simple protest. The fac- 
tory whistle tells us when to go home, and the chime of tlie clock tells 
us luav long we liave work l)efore we can go home. The ring of 
the alarm clock tolls us to get up in the morning, and so it goes. AA^e 
jiroduce many sounds other than siicech to communicate witli other 
people, and many sounds arc pnKluccd mechanically or electronically 
to give us various kinds of infoi’inaiion automatically. 

USES OF TONAL SIONALS 

Occasionally, specially designed tonal signals are used to transmit 
information. The uses of tonal signals have not been fully exploited, 
and tliey could bo used in many eases where they have not been tried. 
In this cliaptcr we shall discuss some of the problems of existing tonal 
systems and some of the more general problems that would arise in 
the use of any tonal signaling system. 

Si/mbolic natw^e of com}fiiimcatw}i, AA^ords are symbols or signs 
that represent objects or events, and language is the complete sym))olio 
system. AA^e use this symbolic system to short-cut the process of trans- 
mitting information. A single word can stand for an event, and a 
group of words can represent a very complicated idea. 

The purpose of the symbolic system whicli we call language is to 
let us express any possible idea and refer to any possible object or 
event. In order to do this, the language has to get very cnmj)li(!aicd, 
and this complication 1ms its disadvantages. There are many situa- 

S4e 
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tions, however, wlierc we want lo transmit only a very limited amount 
or kind of information, and yet we have to use ca language that was 
designed to handle much more complex situations. 

Restricted rom??iumraiion. When the information to be trans- 
mitted is very restricted, it is sometimes worth our wliile to use a spe- 
cial typo of sigrniliiig system — a system designed to handle onlj^ our 
special problem. Occasionally we need to transmit only yes-no-type 
information. Did an event happen or not? One noise or one tone is 
all we would need to transmit this information. 

At other times w^e might want to know about the amount or degree 
of only one thing. For instance, is an airplane flying in the rigid di- 
rection; and if not, how mucli error is the pilot making? In this case, 
lierhaps the intensity of a tone can indicate the size of an error, and 
the })ilot could correct accordingly. 

In more complicated situations, wc might want yes-no information 
about several i)ossible events, or an error indication of more than otic 
thing at a t-ime. The more complicated the situation, of course, the 
more coiuiilox we have to make the signaling system. The advantage 
of auditory signals is that the symbolic system provides no more in- 
formation than wc actually need. As a result, wc can usually send 
more information about just one or two events because of the rela- 
tive simplicity of the system. 

Advantages of tonal signals. One of the advantages of a tonal sig- 
naling system, then, is that we can transmit more information in a 
short ])eriod of time because the total amount or kind of information 
is limited. In the radio range, for instance, practically continuous 
information is provided almut just one kind of event — ‘the course that 
the plane is flying. Likewise, if the communication time is limited, 
more accurate information can be provided. 

Anotlier reason for using tonal signaling systems, in many cases the 
really important reason, is that we do not need a man on the 
side to provide simech. Very complex tonal signals can be produced 
automatically, hut no really good means of producing speech auto- 
matically has ever been provided. 

RADIO-RANGE SIGNALS 

We have already i)(>inted out that auditory signaling systems have 
not been fully exploited in practice. The need for them in the past 
has not l)cen very great, and only recently has there been any real 
interest in their possible applications. The usefulness of such signal- 
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ing systems lias now ))oen domonst rated. But at the same time many 
psychologira] problems have l)ee(>me more in ipo riant. 

lUmfrationa. Wq shall {les<'rihe here twei spceifio tonal signaling 
systems and use these two systems as illustrations of the kinds of 
problem we eneounter. From thos(‘ two cases we can deduce some 
general principles, and later in (he chapter wc sluill discuss a few of 
the more general prohlems^ — ^problems involved in any tonal system 
that could be devised. 

The first signaling system We shall discuss is the radio I’ango, a 
type of signal that provides almost continuous indication about only 
one kind of information. Tt is, in a sense, a very simple type (jf sig- 
naling system and doexS not offer many c()mi)lex problems. The other 
type of tonal signal we .shall discuss is what has come to be known as 
“Flybar.” This signaling system was developed Cjiiite recently and is 
relatively v(‘ry comi)lex. It provides siniultaneoUxS information about 
three different kinds of action for use by aircraft pilots. 

Whai ts‘ a radio range? Firsts then, let us consider the radio-range 
signaling system." For some 20 years the lc)w-fro(|uei\cy radio range 
has been the most im])ortant single factor in making it possible for 
pilots to navigate in bad flying weather, wlicn instruments nnist be 
used to fly at all. lOven toiluy, when there is a great deal of talk 
about such elabc)ralo systems as groimd-cuntrolled approaches, the 
relatively simph' radio range plays a very important role in our air- 
ways, both civilian and military. 

Radio-range signals are commonly produced l)y using two direc- 
tional radio beams at right angles to each other. One of these beams 
transmits in telegraphic code the letter /I; the other beam transmits 
the letter N, also in telegi’aphic code. The code for the letter ^ is a 
dot and a dash; for it is a dash and a dc)t. The two radio beams 
transmit the letters A and A^ in an interlocking fashion^ so that the 
flot for the N goes between the dot and the dash of the A, and the dash 
of the N comes after the dash of the A, but before the A has started 
again. If the pilot flies just between the two crossed beams, the two 
signals will have the same intensity, and he will hear a steady tone. 
If tic flics too close to the N side, however, he will hear a relatively 
strong dash-dot against a weaker coiitimioiis sound. Tie will hear a 
dot^dasli, of course, if he flies too far to the A side. 

The auditory dkcriminatwtL Although it is possible to present the 
A and the A^ signals to the pilot visually, it has been customary for 
the pilot to listen to the signals. The pilot’s ability to fly along the 
correct path of a radio range, tlien, is determined l)y a human factor. 
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namely, the ability of Die pilot to discriminate between tiic A and tlie 
iV signals. The pilot make.s an intensity discriminatinn, and how 
well be can use the signaling device depends on his ability to make 
this diseriniination correctly. Normally, the j)ilot flies wlieiv he* hears 
a con tiiui oils tone. Tlic more accurately lie can make lu.s discriiniiia- 
iions, the more accurately will he be aliie to fly along a ]> rose ri hod 
course. An}'' comlilions that inake liis discrimination less ae(*urate 
will increase the error he makes in flying this proscribed course. I.et 
us iiave a systematic look, then, at those factors that affect the piLcjt’s 
ability to discriminate between tlic A and the N signals. 

Intensity 

T!ie most olivious factor that affects the pilot^s alhlity to use fhe 
radio range effect.ivoly is the intensity of tlie signal. Hero again we 
find that the absolute intensity of the signal is mucb loss important 
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Fia. 112. This figure shows how difTereml tlie iritoiisilii}-' of liio A and the N 
signals in a radio ningo must be for a li^t(‘ner to identify tlie A or the AT. The 
abseissa indicates tho intensity of the rudio-rango .‘signal, ami each curvt^ is for a 
difTeront signal-to-noise ratio. Notice that tliere is an ojituniiin intensity for each 
^/N value, and that the optimum tends to increase with larger ;S/A^ values. (After 

Plynn ci al„ 1945) 

tlian the ratio of signal energy to noise energy, the S/N ratio, ivhich 
wc exf)/*ess in decibels. 

Signal-to-noise ratio. Figure 112 shows us how the intensity dis- 
crimination for the radio-range signal varies with signal level and 
with tlie S/N ratio. We find that for every S/N ratio there is an opti- 
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uvd\ intensity— iiuliciUod liy the dashed line in the figure. For very 
large S/N values, siieh as those shown at the bottom of the figure, the 
{jptiinum is not very jironounecd. But for very weak or unfavorable 
ratios, such as those shown at the top, the optimum is mueij more pro- 
nounced. 

It is easy to see here t!\at the signal- to~ncnse ratio itself has iiuieli 
more to do with how accurately the jnlot can disci‘imina(e between the 
.4 and the lY signals. When th(‘ S/iY ratio is very unfavorable 
{ — 10 db), for exam]de, the pilot may need as much as a 2!'o {|b dif- 
ference between the .1 and the N signals in t)r(ler to lioar them us 
being din'erent from a continuous tone. With a favorable S/iY value?, 
however, he may be able to hear a difference as small as half a decibel. 

Noise i?i rerciner. i)roi)ably should point out here again the 
moaning of these relations between signal intensity and tlie signal-to- 
noise ratio. Wo will recall from the discussion of spceeli that tin? i)est 
way to operate a radio receiver depends a great deal on whore the 
masking noise is coming from. If the noise that is masking the tone 
(and i)rorlucing the N of the S/N ratio I is in the radio reeoivor, then 
changing the gain of the receiver does not (duuige the S/A^ ratio; when 
we turn up tlic gain, we increase boili the signal and the noise. All 
wo can do is to set the overall level to give the (>ptimal intensity, and 
this optimal intensity is usually not the maximum gain. 

Noise outside receiver, AVhen, however, most of the noise is coming 
from outside the radio receiver, such as engine noise in an airplane, 
then we would always want to turn the gain up full to g(*t the most 
signal fov the fixed auiovmt of noise. We cannot affect the intensity 
of tile surrounding noise, but we can now affect the intensity of the 
signal to get the highest possil)le S/N ratio. And when we have ob- 
tained the best S/N ratio, we can get slightly hotter discriminalion 
by the use of earplugs, if the overall level is very high. Earjilugs have 
the effect of reducing the intensity of both signal and noise, so that we 
can get a more favorable overall intensity without affecting the S/A^ 
ratio. 

Fkequency Ciiaracteuistics of TI-II3 System 

The frequency characteristic of a radio range, as with speech com- 
niiinieations, has a lot to do with the usefulness of tlic system. Would 
it be desirable in a case like this to filler out certain noise frequencies 
Avhile at the same time not rejccliiig the tone frectueiicies? Would it 
actually increase the ability to detect dilTorenccs in the tone? We 
must recognize that this is a slightly different problem fnnn that in- 
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voived in the masking of a tone or speech. Here wc are c()ncorn(?fl 
with the ability of the operator to discriminate between tones, l>oth 
of which are against a background of noise. 

B mid-pass filters. Experiments have shown us that intensity dis- 
crijn illation can be improved by the use of narrow banil-jiass filters 
in the system. The frequency generally used witli radio ranges is 
approximately 1,000 cycles, and in this particular system a band-pass 
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Signal- to noise ratio In db 

Fig. 113. Our ability to do tort the A or the N in a radio laiigc Ls improved 

when a narrow ballLl-I>a^s fillei is put in the circuit. The filter u«efl rejected all 
noise frequencies outside a han<i 200 cycles wide around the 1,000-cps signal. The 
inl«*nsity level of the signal was iipproxunatfdy 100 dl>, and at liiglicu' signul-to- 
noi.se ratios there would jirobably bo liltio ditTerencG between the two eurves. 

(After Flynn cl aL, 1915) 

filter was inserted that rejected all frequencies below 900 and above 
1 ,100 cycles per second. Figure 113 clearly shows that tlie use of such a 
filter improves intensity discrimination between the A and N .signals. 
This improvement is less at the higher S/iV ratios, and probably at still 
higlier values there would be no difference at all lietwecn the filtered 
and tlie uiifilterGcl signals. Obviously if the signal level is so much 
greater than the noise that tlie noise has no effect at all, then we could 
not get any improvement with the band-])ass filter, because the filter 
would be rejecting noise that has no elYcet anyway. 

Design of earphones. Here we have an excellent case where we can 
predict something aiiout the design of specific cquipineiifc from a fun- 
damental relation. Pliones differ greatly in the kiiul of response they 
have at different frequencies. Some earphones produce about the same 
acoustic intensity for a given electrical intensity at all frequencies. 
Wc say that such earphones have a 'dlaE’ freciuency response. Other 
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phones tend to produce much more acouslic energy at one range of 
fro(j\iencios than at others, and we call these j)liones “resoiuint/’ be- 
cause they act like a resonator at (jno particular frequency or narrow 
baml of frecjiiencics. 

\Yo can choose flat jilunies or resonant phones for oiii’ radio-range 
listening, anti if ^YO cht>ose il\e resonant plutnes the intensity of the 
signal will be somewhat higher, as long as the resonam^e of the phones 
corresponds to the frecpiency of the signal. Knowing that filtering 
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Fro. IM. Rf\scmuiiL ouv phones nuihc it (‘iisior to lieiir dihVrr'ncos bctwt'on tiro 
A nn<! N si^rnnls in a radio FIk' u'sonanl plionos act like a filter, and tins 

rrsnit would be predicUal from tljc curves' m Fir^uro 113. Nolico, however, that 
the re.soniinl phonos do not give quiio so good resuUs us the narrow band-pa.ss 
filter. (After Flynn et al, 1945) 

improves intensity discrimination for this type of signal, wc would pre- 
dict that the use of resonant earphone.s wtnild improve discrimination 
also, beciuise the resonant phones act just like a filter. The flat ])hones 
would he ])o()rer, unless wc inserted a filter into the circuit somewhere. 

These two kinds of earphones have actually been compared, and the 
results of tlial com})arison are shown in Figure IM. Tlie inii'iisity 
discrimination is definitely bolter with the resonant phones than with 
the flat phones, which is exactly what we predictofl. A comparison 
^Yith Figure 113 shows that the resonant pl\onos used in this experi- 
ment were not quite so good as the filter, bulr there was considerable 
improvement. If tlie flat and resonant phonen arc etanpared when a 
filter is also used, there is no difference in perfonnanco between the 
two kinds of earphones. For tins particular job, then, resonant ear- 
phones arc better than flat earphones. A narrovv Imnd-jias.s filter, how- 
ever, produces better results than cither of them without the filter. 
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Special Devices 

There arc a eoiijile of special flovices that can be used with the 
radio-range circuit. Some of these gadgets make tlic .signal oven hot- 
ter. Others might just as well he thrown away. 

Expunderx. One of these tilings is an cxiiander — a device which 
amplifies large signals more than it does small signals. For instance, 
the cxiiander would aiupliry an input of 1 vidt to an output of 5 volts, 
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Fi«. 115. Spmul iluvirrs liko signal exiJan<k*r.s can infika it, ea>ier to lioar 
pncffrf bptwooii the A anti N si|;n:ils in thr^ ratlio range. Tlio expander tt'nfljs to 
incroase tlio dilTpronce hnlwpcn Iwo .signal intmsitios and thus increases tlie dif- 
forence between the A iiinl N signals if lliei'e is any diffcionec at all. fAfInr 

Flynn et ciL, 1915) 

i)nt would increase a 2-volt sif^nal to 1o volts. The general effect of 
tliis device is to make differenoos more pnmoiiuced. is, actually, 

a form of nonlinear amplification, and in any system v’licre it is not 
desirable it woiilrl be called distortion. The (picstion quite naturally 
arose as to wlicther the use of an expander would ap]n‘e(*iably improve 
the ability of an operator to distinguish between A and N signals. 
Figure 115 shows that it very definitely does. We see here that the 
ability to disl.inguisli between the A and N signals is considerably im- 
proved when an exjmnder is used in the system. The use of the ex- 
pander, particularly with the more intense signals, has reduced the 
difference Ihresludd to less than onc-lmlf its former value. The width 
of tlic area in wliich the plane will fly is cut approxiuiately to one third 
of its former valiiO’-assuniing the pilot can fly whore his ears tell 
him to. 

Pitch mo(hilatorfi. Another gadget that can be used to increase the 
discrimination between the A and A" signals is a pit(‘h modulator. This 
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(iovice translates tlie diffcmicos in intensity into dilTerenees in fre- 
([ueney, aiul it has been found that uiulcr limited rireuiiistanccs we 
can hear the fmiiicncy (fiftcrences bettor than the intensity differences. 
Witli very poor S/N ratios, however, the car can delect dilTcrfmcos in 
intensity better than diUcreiicos in i'rocjiiency, because the noise also 
elianges the frequency at rundoni. Tliis random cliange in frequency 
makes it almost imimssiblo to (hdvrmine wtmt is signal and wluit is 
noise. 

Summary 

Now, in in'ief sunnuary, wo have seen that the efficiency of a radio- 
i-ango system depends on the overall intensity of the signal, but even 
more on the signal-to-noise ratio. Filtering out all the noise frequen- 
cies except those close to the signal frequency improves discrimina- 
tion, which lends us lo predict that resonant earidioncs would he 
better than flat earphones, if th(‘ resonance is n(. the right frecpiency. 
'I'his prediclion was sliown to be (ujrrcct. Discriininution can also Ije 
improved l)y using su(‘li si>ecial devices as expanders and pitch modu- 
lators, altliough the pitch inodulaior is useful oidy at reasonably fa- 
vorable S/N ratios. All in all, a great deal cun )>e done to improve 
the elhcicney of a radio-range signaling system and to see tlint it is 
operated under optimal conditions. 

FLYINO BY AUDITORY REFERENCE (FLYBAR) 

Now we shall discuss another speeial type of auditory .signaling sys- 
tem, one that has been developed in the jmst few years. 1"his spend a 1 
type of signal has been called "Flybar/' which means flying by audi- 
tory reference. Briefly, it consists of a combination of signals which 
a pilot may use to help him fly his plane. The signals may combine 
differemt sorts of information or indications up to as many as throe 
at a time. 

The Uses op Flybar 

You all know, or Lave heard, that blind flying, so-called, can be 
very hard on the eyes. The maze* of instruments whi(‘h a pilot must 
use ean keep him very busy, and many a pilot who could fly contact 
all clay and still have energy for vigorous social pursuits at night finds 
that blind flying for oidy a few hours tires him enough tliat he has a 
strung interest in Just lying d<nvn. 
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Indications in blind flying. There are literally dozens of different 
instrunieuts which a pilot must constantly check if he does not want 
to land in the nearest corn field. Many of these instruments are con** 
cerned with the safety and inot()r operation of the plane. As far as 
just flying the plane is concerned, the average pilot witli instrument 
training soon comes to react alnK»st automatically to three fimrla- 
mental flying instrinncnts which help him kec]) the })lane level, riglit 
side up, and on a straiglit course. He needs some indication of tilt, 
altitude, or air speed, which arc interrelated in flying; some indication 
of hank; and some indication of turn. Just the task of wat{‘lnng three 
instruments all the time is taxing, and, when we add all the otlier 
instruments to his task, his eyes can hardly keep up with their job. 
It would, therefore, be of ratlier obvir>us advantage if wc could con- 
struct some kind of auditory .signal which the pilot could use instca<l 
of, or along with, these various visual indications. It would take a 
groat load off his eyes, to say the least, and it might make him better 
company when the day’s flying is over. 

The general probleni, Althougli wc are going to talk specifically 
about this pn)i>lein of Flybar, we should k<*ej) in mind that there are 
many other places where auditory signals could be vised to advantage. 
Many kinds of problems that have occurred with Flybar will also 
occur with other types of signal. The complex nature of the Flybar 
signals has brought to our attention some of the basic psychological 
problems involved in auditory signals. 

Development of Experimental Flybar 

But getting back to Flybar, let us relate part of the story of its do- 
velojnnent.^ In attacking this problem of jU'oviding auditory signals 
for pilots, it was decided that the attempt would be limited to the three 
basic indications needed to keep the plane straight, right side u|), and 
at the right altitude. In providing these indications, the i)ilot needed 
to know (1) when he is performing incorrectly, (2) tlie direction of 
any error, and (3) the amount of the error. Furthermore, he had to 
know all of this about all three indications. It is not enougii to toll 
tlie pilot that he is wrong. In instrument flight, he has to make con- 
tinual corrections for the sometimes inherent waywardness of his jiiane 
and for the vagaries of the elements. He eamiot make tlie.se correc- 
tions with any efficiency at all unless he has good iiiformatiou about 
how much correction is needed and in what direction. 

Auditory ^b^ealisniT In the preliminary experiments in the Flybar 
problem the first thing that liccanie obvious was that the auditory 
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signal onghi. ti> sniintl as inuoli as pc)ssil)l(‘ like wlial Ihe plane is aeUi- 
ally doing. If tl)e j)laiio is turning, the auditory signal sl)t)uld soiiiid 
as though the ])lanc is turning. Likewise, it the ]))anc is going too 
fast, the auditory signal siiould sound like a plane going too fast. 
This, strange as it seems, makes the I ask very very diflieiilt. It is 
extremely hard not only lo [provide sounds that imitate wliat IJie plane 
is doing l>ut. also io ju'ovidi* sounds sufiicienily dilTer(‘iit that, tiny ean 
be accurately diseriminaled from eaeli olher. 



Intensity level of signal in db 


Fifj. 116. LIjoso nirves diow how luurh dillVn'iin' n\ iiili'H.sily tlu'rn iiinst ]>o 
hot w pen tho (wu oars in ortLr for us io lioar llio dilforoiin', Nolioo that iho 
nUher large clifTcronoos innsl. bo inoroasi'd iwon more wliou 1lu*ro is noise in the 
lisionor's hai-kground. (Aft or Forbus el aL, 194/3) 

As sunn as tlic problem of Flyhar was mcniioued, it seemed iliat it 
would be the simplest thing in the world to indicate a cliange in di- 
rection. All we would have to do would he to give a different intensity 
to each of the two cans, and it would sound as tliongh (he i)lane were 
g(]ing in one direction or the other. And wo could indietitc not only 
direction Init also amount vciy easily, lu'ctuise a gnvator intensity 
difference between the two cars would indicate a greater error. 

hitensity as a signal Tho first experiments, however, indicated that 
this was far from true. We see in Figure 116 that tho difference in 
intensity between the two cars must be on the order of 6 to 8 dl) in 
order for the pilot to know, consistently, that he is not flying straight. 
This was rather surprising but nevertlieless true. Tims we would need 
an iiiiensity range of about Id db— 7 for each direction of turn — to 
indicate the null ])oiiit; that is, to indicate the area in whicli tlio 
plane is Hying correelly. Tt)is obviously was too much and the use 
of differences in intensity between tho two ears had to be discarded 
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almost inimcdiatoly. More recently, we liave also found tluit some 
individuals^ ears (U) not agree with eacli otlier about liow loud a tune 
is. This means that some pilots, flying )>y loudness cues, will fly in 
ntd.hing but circles when tliey tliink they are going straight. Lniulness 
in tile two ears has very liUle t(j t(o with [)hy.^i(*{il equality in tlie two 
ears. This again is unfortunate but true. 

’^liree-tonc One set of signals was a tbrcM‘-tuno ctinilmm- 

tioiL One tone was very low, one was very liigb, and an intermediate 
tone varied to indieatc air speed. AVben this ttme bi'eaiiie liigh in 
comparison to the other two tones, it meant that the air speed was too 
great, and likewise, wlien this iiitennediatci tone IxTuine too low, air 
speed was to(> low. When ttu; middle (one approaelicd either tlie high 
nr the low tone, beats could ho heard — indicating tliat the pilot had 
reached the limits of safety in variation of air speed. This same teme 
was heard in both cars. To indicate turn, tlie ton(*.s were int(*rrnpiod 
in either one ear or tiie other, depending on the direction of turn. The 
rate of interruption indicated the amount of turn error. In order to 
indicate hank, three stejiwise low t<mes were introduced into cither one 
ear or the other, depending on which side was hanked low, and the 
frequency of this tone indicated the amount of the bank. This signal 
was not very satisfactory, mostly because the pilot tended to listen to 
either one or the other of the signals wlien all three were presented 
simultaneously. When only one signal at a time was used, the system 
worked fairly well. 

Two to)WH 7nodulatefL Anotlier type of signal consisted of two tones 
lioard in liotli ears when tlie piano was on course hut in only one oar 
when tlie i)lane was off course. Tliesc two tones were frec|uency-modii- 
lated by a sawtooth modulation waveform; tliat is, tike frequency 
would change steadily in ono direction and then suddenly slioot hack 
to its original jiosition. The rate of this modulation indicated the rate 
of turn. The direction of tlic frequency change indicated the direction 
of the liank. Thus, if tlie pitch were going up in one oar and going 
down in the other car, it meant that the wings were tilted in that di- 
rection. Air speed was indicated by means of a separate ])iit-put which 
.sounded very much like the motor of the airplane. The rate of tliis 
pul“i)ut indicated higli or low air speed as compared to a standard 
I'ate, althoiigli the standard rate ^vas not pi'esenicd. As a result, air- 
speed errors were relatively high because of the jhlot^s inability to 
keep the ^‘standard” rate in mind. 

Sweeping -tone signal, A third type of signal which turned out to 
be fairly satisfactory consisted of a sweeping tone from one oar to 
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iho other. The tone eliun^ed in intensity, h('<‘oniin^ loiuler in one cnr 
ns it heonine weaker in the other ear, j^iving an illusion of movement 
of the tone. The direction of this illusory movement indicated the 
(lirc'ci.ion of turn, and tlie rale of the nu>veinent. indienl.ed the rate 
(d turn. At tlic same time this tone was heinf*; ehnn^ved in intensity 
from {)ue ear to the other, it was also hein^ elian^ed in fr(‘quency. 
'Phns, if a tone started witli a hi^i^h freciueney in one ear endinpj up 
in the other ear with a tow frequency, that indicated that the side of 
the first ear was high in hank and the other side was low. The tone 
sounded as though it were sweeping acrtjss llie horizon, starting high 
and ending low. That tone sounded exactly like what would be hap- 
pening to tlic plane if it wore turning in one direction with wings 
hanked. If it were turning in the wrong direeiion with respect to the 
hank, then tlic frequency and intensity would ho reversed. Air speed 
was still indicated by the use of a put-put, with the exception that now 
an alternating rate of put.-))ut always provided a constant speed 
standard for the pilots. This provided a more accurate indication of 
the planers rate, 

Evalua'I'ion of Fta'bau 

Tlieso several auditory signals were tried out and compared witli a 
sot of visual signals. The visual signals consisted of a spot on an 
oscilloscope and a meter. The controls whicli the subjects in the tests 
used were very nnieh like the usual airplane controls. A foot rudder 
determined the meter i)osition, and a joystick e.on trolled the spot on 
the oscilloscope, when visual indications were used, although these 
same controls could be used witli the auditory in<licati<)ns. The whole 
testing devict' was called an airplane pursuitineter. An error score was 
produced electronically to indicate how sueeessful the men had been 
in keeping all signals at the null point, that is, Hying the “idane'^ 
straight and level. 

ComYian&Qn 0 / signals. Figure 117 shows the error scores on the 
pursuitmeter for both the auditory and the ausiuiI signals wlien one, 
two, and three controls were used simultaneously. In that figure, the 
signals labeled “1’^ arc the three-tone signals, tliose labeled ^^3'^ are 
the two tones modulated, and those labeled are the sweeping- 

tone signals. The other signals were similar to those we have de- 
scribed but were tested loss extensively. The visual signal offens very 
little advantage over the auditory signals when only one control is 
being used. The advantage of the visual over the auditory becomes 
gveatev, however, when two or three controls are used. Actually, this 
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advantage consists in the auditory signals becoming some-what worse, 
wlnle the visual signals stay about tlie same. These tests did show, 
however, that there is a very good possibility of using at least one 
auditory signal and some possibility of using two or more signals. 
The task imposed on these oj)erators was very severe, jaohably more 
severe than that ini]) used on pilots flying actual aircraft. Therefore, 
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Fio. 117. Tlii.s figure* {'Oinparns several aiulitoiy .sjuiiials witli visiiul sifz:nal^ when 
oil an airplane pursuit meter. The shows successive prac‘ti(‘e peri Is, 

and tlie onlinate is an automatically lecoidcd error .score. Kotice that the audi- 
tory signals become lolatively poorer as more controls are added but tliat tho 
AB signal was less affected than the otheis. See text for further description of 
signals. (After Forbes H aL, 1915) 

the be.st combination — tlie one entitled 4B here — was installed on a 
Link trainer. 

Tim sweeping- tone signals were selected for further tests because 
they held up I)Ost when all throe indications were used at once. These 
signals were not quite so good as some of the others when, only one 
signal at a time was used. The advantage of the sweeping-tone sig- 
nals, however, was that it \vas impossible to listen to one indication 
without hearing the others. All three indications were conibinerl into 
one signal. In the other forms of signals, the pilots frequently lost 
track of one indication completely. 



2o0 To 7 }al Signaling Systems 

Link -trainer tests. Wlx'ii this best sig-nal was installed on a Link 
trainer, tests wcm’o run etmipariiiii; the i)se (jf tlic auditory signals with 
the use of visual ones. Most pilots wore able to do as well with the 
auditory signals as with ilic visual signals, when the task Avas simply 
to fly a straight course. It is very doubtful tfiat they cemid have done 
as well if ilay had had to iiiukc complicated nuincuvcrH, and they 
were nev(‘r recjinrcd to. 

8oinc of the pilots were just learning blind flying, and it was i‘)Ossi- 
blc to compare their rate of learning witli ihe visual and witli tlie audi- 
tory signals. Here again it was found that pilots learned as fast with 
one kind of signal as with the other — (?ven when they were using all 
tlirec indications simultaneously. Various tahulations were made to 
compare tlic efficiency of the two typos of signal, and, in neaiiy all 
the tests made, the auditory cainc out about as well as the visual. 
The results were veiy heartening, because they did at least show the 
fca^sibilily of substituting auditory for visual ijidications. 

FACTORS AFFECTING DISCRIMINATION OF TONES 

Throiigliont our discussion of the racHo range and Fly bar, one gen- 
eral fact has been apparent: Our al)ihty to use a tonal signaling sys- 
tem with any real precision depends basically on our ability to dis- 
criminate between tones. In the radio range, for example, discrimina- 
tion was tlie only real problem. Other problems came up with Flybar, 
but the discrimination proljlem was still there. The air-speed signal 
which used one pure tone changing in pitcli was unsatisfactory because 
tlie ]>ilot.$ could not tell what the pitcli was until the tone ajiproached 
the frequency of either the high or low reference tone. The Lone in 
isolation had little meaning and made sense only when it could be 
compared Avith one of the other tones. The put-jiut air-speed indi- 
cator became usable only Avhen a reference put rale was provided, be- 
cause the pilots could not remember the standard rate unless it Avas 
constantly prcscnl.ocL 

Of jwiinary concern to us, then, are the problems of discrimination. 
If we knoAV some of the fiindaniontal facts about our ability to tell the 
difference between tones, we will be much lietter off when avc want to 
dc.sign a set of tonal signals. If we do not knoAV these facts, then Ave 
liave to cut-and-try, as the previous signals Avcrc cut-and-tried. Since 
the radio range and Flybar were developed, Ave have lea!'ne<l some of 
the general factors that were affecting those signals. 
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The (liircation of a tone ar a pair of tones has a very serious effect 
on our ai)ility to (liscriniinate between tones and even on (nir ability 
to hear the tones. In most tonal signaling systeiiTS Ave would like to 
])resciit successive pieces of information as ra])idly as possibles The 
shorter each individual tone is, of course, tlic greater the numher of 
tones we can ])resent in a brief ]>erio(l of time. But, if tlie tones are 
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Fig. 118, Th<*se curve's show the minimum durations nece.'^ary for a tone to sound 
like ii loTJO. T\\v fr('f|\J<*n^‘y of Iho tone is .«liown on the ab.'^cissa and tho minimiirn 
duration on the ordinate, for two different intensities If the dural ion is ."iiorter 
Umn that si i own here, the lone will .sound cs.'^eiitially like a click. The nature of 
the tone does not seriously (•lmn^e as the duration is made lunger, however. 

(After Doiiglily and Cturner, 1917) 

SO sliort tliat wo arc unable to tell the difference 1)0 tween theni; tlion 
wo might as well not Iuiat any signaling sj^stem at all. 

Pitch vei'sus click. One of the very first things we find out in this 
problem is that real short tones do not sound like tones at all; they 
sound like elicksd Short tones are really made up of a wide variety 
of frequencies, and become in effect s])l it- second noises instead of 
tones. There are many frctiuency components in a short tone, par- 
ticularly when the tone first comes on, and wiien it goes off. Those 
frequencies are known as transients, and they sound more like a click 
than a tone. If tlie tone is short enough, tlie transient frequencies at 
the beginning of the tone are still heard wdien the transients at the end 
start, anfl w^e ncA^er get a chance to hear the tone in between. All ^A"c 
hear is one brief click. 

Figure 118 shoAvs liow long a tone must be if the car is to recognize 
the fact that it is a tone and not just a click. We can sec from these 
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curves tluit even under the best conditions ilie tone must last almost 
to milliseconds for it to yoiind like a tone. Actually, of course, this is 
still a pretty short tone^ and it is rather surprising!; that a tone can be 
this short and not sound like a click. At the lower fre(|iicncies the 
tone must be somewhat longer than at liiglier frequencies. This is 
reasonable, since the time of one complete cyvh of the sine wave is 
longer. At 125 cycles per second, for example, tiie 24 milliseconds re- 
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Fja. 119. The rdadro diffwnre IhiesiK/hl for fvoqnrtuy hwicuM's ns Die dantDon 
of a tone hecomes shorU3r, ns shown in ilnw' cuiTt^s. In Mk\sc ex|H'riin('nts, tho 
hrst (stnnilard) tune was iihvnys 500 niilHf^et'onds long, aiul the dnmtion of thr* 
scM'nnfl (cominiiison) lone was varied, as indic^aUul on tho aliseissa of the graph. 
Ail tones were CO dh al)Ove tho thresliold. Not(3 tliat the (‘tVeoL is more serious at 
the lower frequeney. (After Turnbull, 1944) 

quired for tonal quality is only 3 complete cycles. The upper curve 
in this figure is for a lower intensity, and it indicates tliat the duration 
must be longer at lower intensities. The increase in duration is al)out 
tliu same for all frequencies. 

Pitch cliHcrimination. We might suspect, of course, that, if we can- 
not licar the pitch of a tone, wc cannot very well discriminate between 
the pitches of two tones.^ Figure 119 confirms this suspicion and adds 
the fact that pitch discrimination gels progressively worse as the dura- 
tion is decreased. Tho ordinate scale in that figure is the relative dif- 
ference Ihnen, which simply means that it is the smallest discriminable 
difference in frequency, divided by the frequency of the standard or 
reference tone. The cIToct of tlie duration on the lowest frcc[ucncy is 
imich more severe than on the higher frequencies. This makes sense 
when wc realize that the lower frequencies also have to be considei’ably 
longer in order for there to ])c any pitch at all. 

The data plotted in Figure 119 wwe obtained by ‘using a fairly long 
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standard tone followed by a companson tone of tlie duralion shown 
on the abscissa. In other words, only one of tlie two tones was very 
short. At very short durations discriniinatiun is a little i)etter if both 
tones are of tlie same duration, because both tones then sound similar. 
It is very luinl to judge the difference between a long tone and a very 
short one, but it i.s a little easier if both tones are short. 
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Fie. 120. As the rlmaOon of a tone is decrensod, the threshold intensity' of the 
tone increases. Below about. 200 luillisoeonds, the increase in tlireshold is propor- 
tional to the tlecM'easn in duration, but tliere is ndatively little change in tlireshold 
at durations greater than oOO milliseconds. This relation is approximately the 
same for all frequemdes. Although the curve shown liore was obtained by 
measuring the noi.'^e-masked tlimshold, we now know that the same relation is 
true at absolute threshold within wide limits of duration. (After Clarner and 

Miller, 1017) 

Intensity threshold. Another effect whicli oecurt^ wlien the dtiration 
of a tone is decreased is that tiie threshold for tlic tone increases. The 
curve shown in Figure 120 was obtained by averaging data for four 
different frequencies, with noise-masked thresholds.^ Otiier research, 
however, has shown that essentially the same relation is obtained over 
this range of durations even in the quiet. 

Loudness. Nut only the intensity thresliold, but also the loudness 
of a tone changes as the duration is decreased, particularly at dura- 
tions less than 200 milliseconds.’ The loudness of a tone can be 
(•hanged by an amount oqiiix^Tient to an intensity of 20 dh wlien tlie 
duration is decreased from 200 to 10 milliseconds. We could not, then, 
use changes in duration of tonc.s as an imiication of information if we 
wanted to use cluingc.s in loudness at the same time. The change in 
duration would cause a change in loudne.ss, and the li.siener would not 
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he al>le to tdl whelhcr the loiulnc^s.s IkkI ohangetl or wlieiher just tlie 
dui'iitiou )iad changed. 

Intensity discrimination. Figure 12 1 shows, as an example, that, as 
the dura don o/ a r( an pari son tone is < leer eased, < an* ability to discrimi- 
nate between the loudness ol‘ it and u. slamlard becomes worse.* At 
very si i art durations, it is very dilHcult to distinguish two tones unless 
tiu'y diiVer cpiile a lot in inlensity. As the duration of the comparison 
tone iiici*eases, we can Ik’jli* smalh^i* dinerenees in inlensity. Note that 
discrimination is best for lon(‘s about one second long. 
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PiQ. 121. Our nhilily to detect differences in the iiiieusily of a tone becomes 
wor.se ns the chinition of tho lone <lecrc‘ascs. In this exporiineiit, the listener heard 
a sh'udy tone whU'h increased in intensity every oiK'c in a while. The abscissa 
shows the duration of the increased iul.('n.sil,y, and ihe onlinatt* shows the relative 
inerea.^jf^ iieeessiiry for it to be lieard This .sanu^ sliaped function ocijurs with con- 
<!ilions other than those shown here, [dllioush the amount of llio ehanp;e irrny be 

greater under different listening conditions. (After Garner and Miller, 1944) 

There arc many ways of measuring tlic effoct of duration on our 
ability to discriminate between tones, and Uie curve in Figure 121 
illustrates tlio effect for just one type of measurement. In that ex- 
poidment, Ltie standard tone was on all the time, and every once in a 
while the intonsily of the tone was increased for a brief ])criod and 
then decreased to its former value. The measurement was the small- 
est increase in (ho intensity of the tone that the observer could detect. 
Under tfieso conditions, maximum precision is ol)tained, and under 
other conditions the sixe of the difference threshold would he larger. 
If, for example, the standard tone were followed after a period of 
silence ])y another coini>arison tone, Llic difference limen would be 
considerably larger. But the general shape of the curve is the same, 
regardless of tljo type of disrriminafcioJi pj'obioin. 
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We already know that masking; afferts the throf^hold for tones and 
that the amount of the effeet is not the same for all frequencies. One 
additional factor sliould be mentioned: The intensity of a tone rela- 
tive to the intensity of a masking noise (the signal-to-noise or iS/iV 
ratio) determines to a certain extent how well we can discriminate 
between toncs.^ This effect occurs for both intensity and frequency. 
If, for exam])lc, we have a t,000-cycic-por-secon([ tone wliich is just 
5 db more intense tlian the masked threshold of the tone, the dilYerencc 
threshold for frequency is approximately twice as great as the differ- 
ence threshold when the tone is 15 dh more ini-ense than the tlircshoUI 
intensity. Fortunately, once the tone is 15 to 20 dh greater than the 
threshold value, tJic effect of the masking noise is negligihlo. In most 
cases, it can he disregarded except when the tone is just barely above 
threshold. 

Distraction and Other Factors 

We have already seen (Chapter 7) that the size of the difference 
threshold depends on both the frefjucncy and intensity of the tones 
being disenminatod. In general, the host discrimination occurs with 
frequencies in the mirldle range (500-2,000 cycles per second) and 
with intensities above 40-50-db intensity level. Relative discrimina- 
tion is particularly poor at low fi’equencies and low intensities. 

Any distraction invariably makes discrimination between tones less 
l^rccise. A masking noise, for example, may have an effeet on dis- 
crimination because of its masking effect, hut it may also he a source 
of distraction. The most annoying noises, like interrupted high-fre- 
quency tones, will be the most distracting. Vi.sual stimuli, or any- 
thing which attracts the attention, wdll distract an oh.servor and de- 
crease his iirccision. In fact, in most normal listening situations, the 
difference thresliolds will be higlier than those shown hero, because 
the laboratory situation has the least possible amount of distraction. 

FUTURE RESEARCH 

There are many prol)leins beside those involving simple discrimina- 
tion of tones wliich are of concern in the design and use of auditory 
signaling terns. Many times tlie tonal signal should indicate the 
amount of error as well as its direction. AYe need much more in- 
formation about the problems of indicating amount with the frequency 
and intensity of tones. These arc essentially problems of scaling or 
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establishing metric values for tones. How shoubi a signal sound to 
indicate twice as imicli error, or half as much error? 

We {lo not have these prohleius with visual iiulicaiions, because wc 
can put nuinhers right on the scale. AVith auditory signals wo cannot 
say 1,2, 3, 4, or ,'5 unless wo actually do say them or use some kind 
of a counting system. Fortunately, tlicse problems arc not unanswer- 
able, and considerable research is being done on them now, in several 
lal)oraiories, 

Illuaions. One other prohleiii which nee<ls considerable study is 
auditory illusions. The Flyhar signals worked best when the tones 
sonnded like what is haj-jpeiiing. There arc undoubtedly otiicr illusions 
tliau motion which can be used, and we need to know about them. 

SUMMARY 

In this chapter wc have discussed the uses and some of the basic 
problems of special tonal signaling systems. Tonal signals can be use- 
ful when we have a limited kind of information, wIkmi w(; need si)ced 
or accuracy in the indications, and wlicn the transmission of informa- 
tion must be automatic. Although tonal signals arc not yet very 
common, there are many situations whore they coukl be used to ad- 
vantage. 

In discussing some of the psychological problems in the use of the 
radio-range signal and Flybar, we saw that our ability to discriminate 
between tones is the basic problem with tonal signals. The duration 
of tones, masking, fi'cqiiency, intensity, and distraction all affect our 
ability to tell one tone from anotlier. These factors, then, will affect 
the usefulness of a tonal signaling system. For the more comidicated 
tonal systems, wo need to know alanit mch things ns the scale value 
of tones, anti possil)]e autli lory illusions, 
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VNTIL YOU IIAVn BIOKK HR/VDINU AUOirr INDICATORS AND DISPLAYS 

— tlie input to tJjc liinnan uutcO)ino which givos a man Iho information 
ho needs U) oporale tlic imiclhiic. In this chapter and the next two 
cliapterS; wo will dtscuss man’s out) nit — what he docs to and with 
inaelune>s. 

7'ke problems, Wluit is the most (‘raukahle crank? Tlic most jmsh- 
ablo pedal? AVhen should wc use a pedal, a switch, a lover, a stick or 
otlier kind of control? AVhore sliould controls he )Hit? These ques- 
tions and many more like tlioni are what we want (.o answer. It woukl 
he nice if we could answer all of them. But we arc not aide to do 
that yet. 

As wc have said before, engineering psychology is a new fudd. Both 
the basic and ajiplied research that wc need to answer our questions 
have j\ist begun. IMo.st of it so far has dealt with aircraft controls. 
Even today the majority of engineering psychologisls, working as hard 
as they can, are supported by the aircraft agencies in Government ancl 
industry. And there has been neither time nor money for tlic basic 
research that is so plainly needed for any kind of u]>plications, whether 
in aircraft or in industrial production. So a lot of our story is just 
the statement of cpicstions — the kinds of (lueslions that must be an- 
swered before we have anything like a whole picture of the field. 

Approaches, There are two rather different ways of thinking about 
men working with controls. One takes tlie point of view of the man: 
AVhat kincl^ of movement does he make? How does he make tlicm? 
How efficient is he in making these movements? And so on. The 
other approach starls witli the macliino: How can we classify controls? 
AAdicn .should wc use eacli type? How should they be consti'uctcd? 
Where should they be put? How should they ho operated? Neither 
point of view is complete in itself. AVe nee<l to know a lot about both 
of them to have a clear picture of how men can and .should work with 
controls. In this chapter, we are going to study man’s movements 
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and how he makes them. In the chapter tliat follows, we 1(5 ok at tlie 
prol)leni of controls. 

Hintorival background. Before we go too far, we ought to take a 
glance at how people have heen studying movements. There have 
been three different group.s of people working with the prol)lem. One 
very active group is the physiologists. They have done literally thou- 
sands of experiments on the processes that go on in muscles wlien tiiey 
contract — for all movement is a matter (ff musnle contraction. They 
have measured the mechanical changes in niuscLe.s, the cliemical reac- 
tions through which mirscles store up and release energy, and the elec- 
trie a I changes which occur in movciiicnt, A second group arc the 
time-and-niotion engineers. They have made very practical analyses 
of man’s movements in various production situations. We shall tell 
you more about their work in a later chapter. In between is a thir<l 
group of i)syeholrjgists, who have just begun to study the pn)I)lem. 
They have fixed up all sorts of special tasks for people to flo and have 
recorded ilie speed, accuracy, and form witli whicli they perforju llie 
tasks, of what we say in thi.s chaf>fccr, sketchy as it will 

will come from tlie work of the third group. 

Ad ion potent lain, A few wcu'ds are in (U'der ai)out electrical chango.s 
during movement, winch some research workers have been especially 
interested in,^- They have put electrodes on various muscles of the 
body while iieoplc are making various sorts (jf mo vein cuts. If we put 
one electrode on the muscle we are interested in analyzing and the 
otlier electrode some ])lace else, we u.^ualJy null be a)>le to pick up some 
pronounced electrical changes during movement. Wq can see them 
on all sorts of records: an ink-writing oscillograph, a jihotographic 
record of a galvanometer, or the face of a eatlmde-ray oscilloscope. 
Most such research has been done l^ecause people liave been interested 
ill what goes on in the muscles, not for any practical value. So these 
studies have little value at present for ongiuecring psychology. Tlie 
approach, however, iioeds to be exploited, and recently scnue psycliolo- 
gists liavc been using tliese electrical changes, called action potentials, 
as measures of efficiency in various sorts of tasks given to o])erators. 
In the future, we may expect some rather good research from this 
(pmrter. 

Classificatwn of One interesting result has come out of 

the work with action potentials- — a classification of movements. The 
classification, in fact, is a rather elaborate one. To save unnecessary 
cnmi)lication, however, we will just mention the chief feature of the 
classification. This i.s a distinction between fi.ved movements and 
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ballistic movements.’^ You probably know that we have antagonistic 
musclcii in our arms and legs and in some other places too. For each 
niUcScle tlmt pulls in one direction, there is another one, the antagonist, 
which pulls in the other direction. In many movements, we use both 
sets of mu.sclos at once; the bvo groups are bahmeed against each 
other: for example, when wc hold a pencil in our hand, or drive an 
automobile, or make any slow tense movement. Such a movement is 
a fixed inoveinent. On the other liancl, wc sometimes just contract 
one set of muscles and then relax them suddenly. When wc do that, 
a muscle literally tlirows our bones and other muscles around. When 
we throw a ball, for example, we suddenly contract and relax one 
group of muscles without the antagonists getting into play. That kind 
of a movement is ballistic, 

Tliis classification of movements lias it.s uses. In general, the bal- 
listic mo vein cuts arc the best, since wc do not waste a lot of energy 
having antagonistic muscles work against each other 1)ut i>ut our 
energy into one big heave. In learning to pilch a ball oi’ to swing a 
golf club, the problem Is to develop a nice free ballistic swing. If our 
movements are too fixed, we waste energy in our muscles instead of 
])utting it into tlie ball — in fact, we have less ehnneo of liitting the 
ball. In other things too, in writing, in condneting, and in driving, 
liallistic movements seem to be the l)e.st ones. Indeed, it looks as 
though ])Cople, when they learn all .^orts of skills, gradually learn to 
reduce fixed movements to a minimum and develop good ballistic 
movement. 

Such a classification, though useful, has it.s limitations. It cannot 
serve as an understanding of all movements we make, for few move- 
ments arc either entirely fixed or entirely hallLstic. For j^'actical 
purposes, a difTcrent type of classification is necessary. At present 
we cannot be sure what is the best tmo, for engineering jisycludogists 
have just started studying it. Our main job is to ex])luin what we 
know about making movements. To do that we have \^sed a classifi- 
cation that is a mixture of others that have been proposed. 

Here arc the main classes of movement that you will fiuil in tlie 
following pages: (1) static reactions, whicli are not reall^’^ movements 
at all but ratlicr consist of all instances in which an operator must 
keep his fingers, hands, arms, or feet in a fixed position — ^in short, 
holding operations; (2) i) 0 .siLioniiig reactions, in ^yhich an operator 
moves his arms or logs — usually his anm— from one pnsiU()n in space 
to another; (3) tapping reactions, consisting (^f repeated banging or 
tapping; (4) cranking and winding movements; and (5) tracking and 
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steering movements. As the discussion proceeds, s<nii(? of those cliisses 
will be broken down into smellier subclasses. 


STATIC REACTIONS 

Static reactions have been defined by the Wright Field psycholo- 
gists'^ as including ^^all of the instances where a Ixxlily inoniher is 
held for a time in a fixed position in space, the maintenance of that 
position being the central task imposed on the indivi<lual concerned.” 
As far as we can tell now, static reactions arc not particularly impor- 
tant in equipment design, for we seldom ask anybody to take hold of 
a control and hold it in a fixed position — if we do, it is not a i^articu- 
larly hard job for him. Even so^ we do need some basic data about 
static reactions, how efficient people are in making them, wliat difler- 
enccs there are between people in static reactions, and how Uieir al>ility 
in this area correlates with other movement abilities, 

Meamre^ 0 / reactions. We can measure two tilings about 

static reactions. There is muscle tremor, the fairl}^ rapid trembling 
which we see when somebody holds Ins hand or arm in a fixed ])osi- 
tion. A second aspect of static reactions is drift, the gradual move- 
ment of the limb when it is held in one position for a while. Drift, as 
you might imagine, does not occur wlien there is some clear way of 
seeing where the hand is. If a dial moves when the haial drifts or if 
the finger points toward a target, there will be no drift. A man can 
move his hand back where it belongs as long as an indicator tells liirn 
when his liand moves. Thus, in practice, drift in static reactions is 
not especially important. 

Alethods of studying tremor. We know something about tremor, 
because we liave laboratory metliods of studying it. One mctliod is 
to use the Whipple Steadiness Tester.*'* Tliis gadget has a metal plate 
with a hole in it. An operator holds a metal stylu-s in the hole and 
tries to kco]) the stylus from touching the side of the plate. The plate 
and stylus are wired up so that a counter clicks any time they touch. 
By counting the nunilier of clicks in some standard test interval, we 
can get a measure of hand tremor. 

Anotlicr way to study tremor makes use of threads and riders 
(Edwards*^). Three tlireads are attached to a man’s finger. Each 
thread is attached to a rider, one for each dimension, so that any 
movement in any dimension causes some rider to move. The po.sitions 
of tlie riders, after some standard period of measurement, gives tlie 
sum of tlie movement in each dimension. Another method (Fossler ®) 
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recently devised uses t\ movable coil in n magnetic Held. Tlie move- 
ments of the person liolding the coil show up on an oseilioseopc and 
can be plioiogniplied, giving ii very detailed record of the person’s 
tremor, 

Charartcriatics of ircwo)\ Ilcre arc some of tlie things we know 
about tremor in static r(‘aetions: The amount of tremor we will find 
varies considerably from one individual to another and from time to 
time. In fact, it is a question whether a score for a particular jierson 
means very much. If be is jueasiired one ibiy and then again another 
day, the two scores do not correspond very well (r = 0.73). Tlie score 
can he used, liowever, along with other scores on motor coordination 
to help characterize an individual. There are other stiutios of tremor 
in children as eompanal with adults and of differences between men 
and woiiKMi, hut the results arc neither very great nor very significant 
for any jinictical piirpo.se. 

There arc a few ju'actical points about tremor. Some you would ex- 
pect; (jthers pi^rhajis not. If a persiui has some friction to work 
against, his tremor goes down. In oiher word.s, tremor is decreased 
by having something to lean on or to grasp solidly. Also, the harder 
a person trios not to tremble, the more he does. As you might expect, 
fatigue increases tremor. As a iierson gets more and more tired, his 
tremor gets worse: the frecpieney of it, tlie size of the movements, and 
the jorkincss. AVe do not know what exercise has to do with tremor; 
sometimes it seems to make it worse and sometimes it seems to liave 
no effect. 

How a subject is standing and how he is holding has arm has somc- 
tliing U) do with tremor. In general, the better anchored the body and 
the arm, tlie less tremor. Most people have less tremor in a fine finger 
coordination when they are seated than when they are standing. And, 
if the hand is anchored at the iialm, with the palm on the lal)!c, there 
is less tremor than when the hand is jiivoted at the wrist or the elliow. 
The amount of tremor is generally greatest in tlie ui)-down, loss in the 
front-back, and least in tlic righUleft direction. 

All this does not Imve wide practical consequences. If, however, 
there is any possibility that hand tremor might affect the way yon hold 
a control in place, the best things to do are: (1) Make sure, if possi- 
blc, that the control has some friction, (2) have the oiiorator sit down 
rather than stand u]), and (3) arrange the table or work surface so 
that his arm and hand have as much supiuirt as possible. All these 
jirccautions cannot hurt, and they arc likely to reduce any errors in 
holding a control in place. 
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BLIND-^POWTIONINa REACTIONS 

In the classification (if movements we are [(allowing liere, a liositi ail- 
ing reaction is a movement of the arm or leg from a fixed renting 
place to some other pcant in space. Tliere an‘ two ways to make posi- 
tioning reactions — with and without seeing what we are doing. If u 
person can and does see the spot that he is moving to, (here u^ually 
is little proiileni regarding the aianiraey of tlie inovcinent. He inov(‘s 
his liand until it takes hold of the control he is looking at. SocnicT or 
later, in such i)hual-podtionin(j movements^ ho gct.^ to his target ac- 
curately, The main problem in such movements is tlie rate and tiiuo 
of the movement. 

In blind-positioning movemenisy howcvfjr, accuracy of movement is 
the chief prohiom. The operator cannot see wheri^ he is moving his 
anus or legs. He may have seen it at one time or anotlier, but, for 
one reason or another — because his eyes are l)usy elsewhere or because 
the spot is not visible at the moment — be cannot see it when he makes 
the movement. Obviously, it is rather hard to he accurate imdc'r tliese 
cinnim.siau(‘es, and so accuracy boeomes our chief concern in eon.sid- 
ering hlind-positioniug movements. 

We shall take up these two types of positioning mov<‘meiits in turn, 
first l)lind“ positioning movements and then visvud -positioning move- 
ments. 

Types of blind-posiiioning react Blind-positioning read ions 

arc important in everyday life. In almost all inaeliine operations, 
there are some things the operator does witlnnit looking. Even in 
handling materials in a carpenter or inacliine shop, many Idiiid-posi- 
tioiiing movements are made with the hands — using the buzz saw and 
the drill press, operating the controls on a lathe. We cannot sen every- 
thing at once, so we usually watch the operation while our hands are 
busy somewhere else. In the operation of aircraft, the pilot keeps his 
eyes on his instnnncnts or on points outside tlie ])lanc, while liis hands 
grope around for the a])i>ropriate controls. 

So it makes sense to ask questions about blind-positioning reactions. 
How well can people tell wlioro they are reatdiing? How well can tliey 
tell just how far they arc reacliiiig? Those are the two principal (jiics- 
tions, but there are many more detailed ciues lions as well. To make 
it a little easier to answer these cpiostions, we ought to make a dis- 
tinction between two types of blind-positioning reactions: (1) re- 
stricted positioning reactions, in wliich a person moves a lever or knob 
along a more or less straight line, toward tlic body or away from the 
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])0(ly, up and down or in and out; and (2) free-iH)sitioning ivacdioiiK, 
in wliirJi the t>ubject moves his hand from one position out in space 
to another, side to front, front to side or side to side. The research 
wliicli we have to talk iiljout falls conveniently into tliese two types of 
blind-positioning reactions. 

Hot wire 



Fkj. 122. A rough sketch of the a])piiratUH for studying restriidecl positioning 
reactions. The siimiiliiH pointers toll Hie subject the extent of tli (3 movement to 
be made. After the Hiihiect closes his oy{?s, he moves the slider in the uijpro- 
printo position. Tlie slither is at t ached to a wax-imper recorih'r which hIjows 
exactly Imw 11 »' suldect made Ihe movement, anil how ipiicldy, (Aficr Brown, 
Knanft, and Rosenbaum, 1917) 

ReSTRICTIOD PORITIONINO REACTIONS 

Psychologists have studied tlicse reactions in a very simple way.*^ 
They put a knob on a slider frame sitting in front of a person (see 
Figure 122). They arrange two pointers along the slide to tell the 
operatfu* what positioning movement he is supposed to make. Then 
they turn a light on for a moment so that the upernior can see where 
lie is supposed to move. Then they turn oft' the light and ask the 
subject to make the movement as accurately as jiossiblc. They can 
then score how accurately the operator makes the positioning reaction 
and how quickly he makes it. They can vary the experiment from 
time to time to see whether poo}dc are hotter at making tins kind of 
positioning reaction when they arc moving away fn>m the body or 
toward the body, moving in a vertical position or in a horizontal iiosi- 
tion, and moving for very short distances or long ones. 

Distance, AVtiat we find out about the accuracy of jDositioning 
movemcuits is interesting. Consider first the question of distance. Wo 
might expect that the error of positioning inovements deiiends sonic- 
wliat on tlie distance or extent of the positioning movement (see Fig- 
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tire 123).* Ifc does. In general, ])eopIe overestimate small distance.^ 
and undershoot the mark at greater distances. By short distances 
we mean 1 to 4 inches; by greater distances we mean jjositioning move- 
ments of 4 to 15 inches. The only time this is not true is when the 
])ersoii makes a vortical positioning movement lowarrl his own Ixaly 
(data not shown in Figure 1231. Such a inovcMiient has gravity work- 



Fie. 123. The error of blind rest lir tod positioning iiiovemoiits for difTerent dis- 
tiincos and directions of movement, AVe see that suhjeets tend to ovorc.stimatn 
short dislauces and underestimate long (Ii.stancos. Notice that the curves are 
ilifferent for moving toward (he body and away from the body. (After Brown, 
Knauft, and Rosenbaum, 1917) 


ing against it, and it is no wcnider, tlierefore, that all ])()sitioning move- 
ments of this sort tend to fall short of the goah It is interesting to 
know, incidentally, that this overestimation of short distances and 
underestimation of lunger distances is somotliing that turns up very 
frequently in other parts of psychology, such as estimating the position 
of dots )>ctween range rings on a map and so on. 

But returniiig to positiuning reactions, it is interesting to see how 
large the positioning error is for different distances. As we have seen 
before, there are several ways of computing error, hut for this puipose 
it is probably easiest to think ai)out relative average error. This is 
the average amount by which the operator misses the mark in making 
a positioning reaction divided by the distance lie has to go. In a word, 

*Tlic coordinalrs in Figure 123 are in centimeter.^, the scale of distatiCG ordi- 
narily employed in scieiitilic moasureuumt.. To help the reatler who feels more 
at home with inches, the discussion in (he text is in terms of inches. 
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it is jK'iTcnt oiTor. The furls are slunvn in Figure 124, There yon can 
S(‘(? that pciT('nt. eri'or is greuU'sL for very sliort rlislanees and that the 
pereent gets smaller when the <listaii(‘e is reasonuhly great. Beyond 
10 eentiineters (al)()ut 4 inches) ]>erc('tit error d(K's not (diaiige very 
much. 
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Fio. 124. R(4a(ivo (‘rrer for (lifforeni, (lisLitnccH nml diivcUions of movriiiont. The 
jwj’cenl error (error iif moveineut. diviilod by (lisliinee to go) is mucli less for 
largo mover in'U Is than for .^nmll inies. It is iilso less for movciueiiLs awa.y from 
tlm liciily than for (.hose toward the body, (After Brown, Kiiauft, and Ko.senhaiiin, 

1947) 

Direiiion. There is another interesting point in Figure 124. It is 
that ])ositioning reactions arc more acciinilc away from the body tlian 
toward the body. The cx))crimciilors w)]o did this study analyijod 
their data in several different ways— more than \vc have time to take 
up licrc — but, no matter how they did it, they always canic out with 
the conclusion tliat iierccnt error, or relative average error, was less 
when positioning movenumts were made away from tlie body. 

This statement, however, needs st>inc ciimlification if we talk about 
relative variaihlity, rather than ]HU’cent constant error. Ahiriabilily {(t) 
concerns the miifonnity of p<witi(ming reactions aroumi the mark, 
rather than how far off, on the average, they arc from Ihc mark. Fig- 
ure 125 gives variability, that is, the standard deviation of position- 
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in^ reaL‘ti<iiis, for different distances of reaction. There you ean see 
tliat the variable crnjr, in absolute terms, gets larger as the distance 
increases, just as the constant error does. Yet, if you take i)c:rcent 
varial)ility and divide the standard deviation by the distance, you 
will find that ])ercent (or relative) variability <lecreases with increas- 



Fig. 125, The staiidanl <h-viatiou of rostrieted poMHoning roactions. Variability 
increases witli increasing dislant^e, hut more* so for niovcinonts away from the 
body than for those toward dm body. If we divide the standard <lev!atioii l>y the 
distance, we will see, ho\vever, that ■pvrcvnt variability d<‘t;rease.'> witli iiici easing 
distance. (After Brown, Knauft, and Uosoiibuum, 1947) 

ing distance, just as it does in the case of constant error. Percent 
error is not shown in Figure 125, but you can estimate it easily with a 
little arithiiiotio. !Note, too, in Figure 125, how varia1>ility depends on 
direction of movement, whether toward or away from tlic ]) 0 (ly. 
Summary, So much for the experiment on restricted hi ind-])<)si tinn- 
ing reactions. There ought to be more research on this point liefure 
we can be sure of any rules and regulations we might want to dotluce. 
As matters stand, however, there are a few I'jraclical eonseciuenccs of 
the experiments. (1 ) If we are setting ii]) controls to he operated by 
positional movements, the smallest relative error and variability will 
result if distances of the order of 4 to 15 inches are used. (2) If per- 
cent error is the im])ortant thing, then it would be best to ein])hiisizc 
movements away from the boily, (3) If the absolute variability of 
the positioning movement is important, it is better to arrange the con- 
trol setup to emphasize movement toward tlie body. 
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FreE“Positioking Movements 

We are indebted to tlic Wright Field psyohnlogists for another study 
of positioning inovoinenisP They are coricerned (U-iinarily udtii pilots 
in aii'i)lanes and the case and accuracy with which ])ilots can operate 
controls. They interviewed a large niunbor of pilots, looked over 
recoivls of accidents and llieir causes, and came to the conclusion that 
accidents, both serious and minor, were often dhe to ])ilots not being 
able to make the correct free positioning movements. Pilots ordinarily 
liave plenty to do with their eyes, and many controls jnust bo located 
and o])erated without the jhlot looking afc them. Thus positioning 
movements arc of immense practical importance in the airi)lanc. 
Moreover, since controls may be located in front of, below, to one side 
or another, and oven sotnclinies more or loss behind the pilot, tlic prob- 
lem is one of free-positioning movements. 

Experimental setup. To got some basic data of pcople^s ability to 
make this kind of positioning reaction, the Wright Field |)syehologisis^ 
made an experimental enclosure which contained a number of target 
squares placed in a regular order around it (Figure ]2()). One row of 
squares was pluce<l at sboidder height in an incoinpleUs circle around 
the pilot, beginning far in the left and ending far around to the rigid. 
Another row was placed jtisi below tho.se at the level of the jiilot’s 
scat. Another row was put al)0VG his hca<l. Tlic target squares were 
so arranged that each of them was just 30 inehes from a reference 
point between the pihiPs shoulders. This distance was selected be- 
cause more than 95 poi’('ont of pilots can reach it. Tliat had been de- 
termined by anthropologists bcforeliand. 

Procedure. Pilots wore put in this kind of setup. Tlieii, they were 
given a letter code for each of tlie 20 targe! s in tuo array around them. 
The particular target they were sup)x)SC(l to reach for was called o\it 
to them, and they immediately put their hand aroiiml to the point 
wliem they thought the target was. All this time pilots could not sec 
the targets. To make the situation realistic, however, the pilots were 
provided with red goggles and asked to kcop their eyes on a rod light 
directly ahead of them, mi[ch as they would do if they were flying 
in a plane and reacliing for controls while looking out of their wind- 
shield. With the red goggles on, however, the i^ilots coidtl see nothing 
but the I’ed lights. They always had a pencil in ha?id, so that cvf^ry 
time they reached for a target, they marked the spot they had touched. 

To score the results was a simple mutter. Each target hud a bull’s- 
eye on it surrounded by a number of target I'ings. When a series of 
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Firj. 126 , View ol oxpei iijuijtul "ft up for stiulying hlhul-po-il ioning reml ion's 
Th(' su})j('L‘t wears red gog^^k's wlueh allow him to look at n liglit straight ahead 
but not to see any of the target cards. When Ijc renelies for a target eard, he 
makes a mark which lets the experimenter t(‘ll how far off the bull's-oye ho is, 

(After Fills, 1947) 
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exp{Tj})jC‘nj.s ^Yns over witlj, iho m‘«:ciircli psyrhnlogLsts simply took 
the canls iind ooimiiHl ilio numlnT of nmrks in each part of the card. 

It is a little ilillic'ull to explain how the sliuly came out. The accom- 
l)anying illusiration (Figure 127} is the i)cst way of sunnnarizinfr the 
rcfsiilts and making them evident nt a j»:lance. Tluav yon will see 20 
largo circles, eiudi sianding for one of tlie target cards in the experi- 



4.1 3.3 3.5 2.5 3.2 3.2 4.2 



4d 3.0 3.0 2.8 2.9 3.3 


PiQ. 127. Sumiuury of revolts on free positioning iiiovenioiiLs, Knch c*ir<‘hi sUimls 
for ii tiirget- Kiunre in (l)o experimoni. The upper row n'l invents the seven turgots 
above the shoul tiers of the operator, tl lo iniddle row is the ftniler row of .srpmres 
in the experi 22 )ent, 2 i 2 nl Ihe row D is the g 2 onp tl 22 il wt'ro “dowr) nji^ler.” 

The size of each circle depicts the probiiblo error of jiitlgmonis for the correspond- 
ing square— the smaller tlio circle, I bo be Her the iHKuirucy— and the niunbor under 
the cir(?ie is tiic ]>rol)abie error. Tiie little eirclo.s in Lite quadrants of the large 
circles show the relative munber of errors in each quadrant. (After Filts, 1947) 

ment. The seven in the top row represent the row of targets above 
the pilot’s head; the seven in the middle row stand for those at shoul- 
der height; and the six on Uic Imttom are those whicii were ])Iacod 
above tiie level of the pilot’s seat. The l)lank space is the place where 
the ])iloi had his feet diiJ’ing the experijiient. Tlie.so 20 ci?’eles, divided 
into quadrants with little cireles in each cpiadrant, tell the wliole story. 

Accuracy Hcores. The size of eucdi of the large circles rej:)rcscnts the 
accuracy scores in posit ioniiig reactions. Large circles mean that the 
pilots made large errors. Wlien these circles uni smaller, it means that 
the average error wixs smaller. You can sec that the accuracy of posi- 
tioning reactions is best directly in front of tiui pilot. The average 
error is only 2.1 inches. In front and above is almost as good; the 
average error is only 2.5 inclics here. At the otlier extreme, the ])osi- 
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tions around to the side and slif^ditly behind are the liardest to reach 
accurately. At these extreme positions the error is about 4 inches. All 
this means that controls can be placed nearer b> pother wlien they are 
directly in front of the operator ihan when tliey are at the hack and 
side. To derive a practical rule from an averaj^e error we must re- 
incmi)cr that the average error includes only a little more than 50 
percent of the cases. To set the range that covers all cases of error, 
we must multiply by 3 to 4 (see p. 28). Completing this arithmetic, 
we can sec that controls stiould i)e separated ahtmt 6 to 8 inches in 
the preferred areas in front of the pilot <n' operator and about 12 to 
16 inches in the nonpreferred an?as at the back and side. With tliese 
sci)arations, the ])ilot can nearly always liit the right control. 

Note, too, that accuracy of positioning niovciucnls is somewhat 
bettor for controls below llie pilot’s shoulder level than for tho.^e at 
shoulder level or ai)()ve it. There is only one outstanding exception 
to this rule, ami it occurs in one of tlie most iinfavorai)le jiosition.s 
(ID in Figure 127). 

Piveviion, Another kind of result is summarized in Figure 127. It 
is the direction in which positioning reactions are characteristically 
in error. The re]>resentative circles have been divided into quadrants 
on the target card. The rosearcli workers counted the number of 
marks falling i]i encli quadrant and then <lrew a small circle in each 
quadrant jn’oportional in size to the number of marks. By noting tlie 
size of these small circles in comparison to each otlier, wc can get an 
idea whether the operators overshot ur unthu’shot and whether they 
readied too high or too low on the average. One thing that i.s ratlier 
clear is that {lositioning reactions in the iipjier area tend to umler^ 
shoot; they are too low. Tliat is quite consistent in the upj)er row of 
circles. There is a similar tendency to estimate tlie lower target posi- 
tions too high, but tliLs is by no means consistent. This undershooling 
of upper jiosi tions is most prominent near the center (but not right in 
the center) and around at the extremes of left and right. The over- 
shooting of lower positions is greatest at the extreme left and right. 

Obviously other experiments will have to be clone with different pop- 
ulations of subjects before we can draw up spocificatioiis for the ])lace- 
ment of controls to be operated by positioning reactions. "We have 
described this experiment in detail, however, l)ccause it is a good ex- 
periment, and it is the only thoroiigli experiment of its kind tliat has 
been dune so far. It certainly gives us a rough idea of a jierson’s iiosi- 
tioning reactions, and the data can be uscil as a general guide in vari- 
ous kinds of practical situations. 
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VISUAL-POSITIONING AlOVKMLNTS 

Let us now discuss the next class of movements: visual-positioning 
nioveinents.* The main difference between this type of movement and 
the blind-positioning movement is that the operator can keep his eye 
on the mark as he makes the inuvcment Because ho can see what he 
is doing, he gels it right sooner or later. Thus, there is no proi)icm 
of accuracy, but time and pattern of tlie movement become matters 
of concern. 

Exam])lcs of visual-positioning movements are plentiful in military, 
industrial, and everyday life. When a gunner is suddenly directed to 
a target in a new sector, lie has to move his handlebars or gun controls 
from one po.sition to another in a hurry. Many industrial production 
processes, inelurling many lypos of assomltly, require rapid movomonis 
from one position to another. Many of the transport movements — 
to use the language of iimtion-and-timc economy — are visual-i)osition- 
ing movoiuents. The quick tui’ii of the wheel by tlie auiomolnle driver 
to make a turn or avoid u collision is a i)ositiiming movement aided 
by vision. This class of movements, therefore, is of some importance 
in practical situations. 

Movement beo^veen Stops 

There are a few studios of visiial-iiositioning movements in the lit- 
erature of psychology and of inotion-and-timo engineering that bring 
out some interesting points. One of them (see Barnes) tells us abo\it 
the time taken and the rate of movement of the hand motions hack 
and forth between two stops. Careful measurements were made 
of the time required to get the hand started, tlie time during which it 
picks up speed, the time during which it is moving at maximum speed, 
the time of slowing down in speed, and the time stopped. These meas- 
urements were made for three different distances of movement: 5 
inches, 10 inches, and 15 inches. You find the results in Figure 128. 

Notice what happens. It takes practically as long to move your 
hand 5 inches and hack as it docs to move it 15 inches. Instead of 
picking up speed in a constant time after starting, you simply move 

Wn'ghl Field psychologists (Brown mid Jonhins) have called this class 
of movements “discrete moveinontsy This term is a good one for some purposesj 
but for this particular snmmary wo prefer to use “visiial-po.si tinning movomonl'' 
because the principal difference bi^tween “blind-positioning movements’' and 
“discrete movements" is that the latter permit the operator to use vision wliile 
making the movement. 
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faster for a longer distance. If the distance is small, the hanrl ac- 
celerates more slowly than if the distance is great. 

The next result is that very little time is saved by shortening the 
distance of the movement. Notice, too, how much of the time is spent 
in changing direction. Tlie top of the curves represents the hand fin- 
ishing one discrete movement ami getting ready to make the second 
one back to the original starting point. 

It takes quite a while to stop one discrete movement and start the 



Time in seconds 

Fig. 128. Tiio form of visaal-i)o>itionini 5 ivurtioiis at different (jififance.s. The 
curves s'liow a iiiovenieiit to points 5. 10, and 15 inidtos, rospoelively, from the 
starting point and hack again. Notice that the form reMnuin.s about tlie same for 
different distances and particularb^ that it takes just about as long to make a 
15-inch movement as a 5-inch movement, (After Barne.s, 1910) 


next; it represents ahimf 15 to 24 percent of the entire time. More- 
over, it is about the same, regardless of the distance of the discrete 
movement. 

Movements between M.^rkers 

Another recent reiiort from Iowa ^ gives us more (lata about visual- 
positioning movements. In this case, tlie psychologists fixed up a 
knoll for the operator to push along a slide. The slide was arranged 
in front of him so lie could make discrete movements eitlier to the right 
or left. Three different distances of movement were studied: 2.5 centi- 
meters (about 1 inch), 10 centimeters (about 4 inches) and 40 centi- 
meters (about 15 inches). When the operator got a signal, he made 
his movement as rapidly as jiossihle from the starting position to the 
aimed-for mark. The knob pushed by the operator was attached to a 
stylus on a moving tape so that a complete record of the time and 
form of tlie movement was made for later analysis. 
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Comjtnveiifs of movement. The cxi)enin(MitcM’s broke down the re- 
sults into three kinds of inensiires: (a) reaetion tiiiie, or the time elaps- 
ing between tlic signal to start and the beginning of the niovcincnt; 
(/)} priniary-niovcinont time, or tlie time from the beginning of move- 
ment to get tlic hand near the mark; and (r) secondary-movement 
time, or the time of making minor corrective movements to get riglit 
on the mark. You can see iheso three parts in sotnc sample records 
shown in Figure 129. The flat to)) of the record is the time the sub- 


A B C 



Onset o^ 
buzzer 


->dl-e-0.1 sec 

Fkj. 120. Tlireo siitnplc n'eordw of visunl-iiosit ioiiiiiK rciuMions, In ciich record, 
the operator is tloing no tiling while the record is flat at the top. When the 
buzzer kouikIs, there is a brief delay, the rca(!tioii time, before the operator moves 
and sends the roconl downward. The big changt* downward is tlie pi'iinary move- 
ment tinn*. The wiggle.s and small changes at the 1 ail loin are the Kecondary movo- 
ments made in the vicinity of the marker. When tlie recon I fladen.s out. at the 
bodoin, all throe phases of the movement have beam completed. (After Brown 
and Slater-IIainjiKT IUI9) 

jeet is making no movemont and the hitter |>nrli of ii., after the buKzer 
sounds, is tlic reaction time; tlio l)ig movement downward is the iiri- 
mary-moveinent time; and tlie minor movements before the record 
flattens out on the bottom make up the secondary movement. 

Time versus distance. Now we can see wliat liappens to these differ- 
ent time measures when different distances of movement are used and 
movement is made in different directions (see Figure 130). As we 
might expect, the reaction time is aboiif. 0.25 second, and it Is the same, 
regardless of the dhsUnce to be moved or the direction of the move- 
ment. The reaction time is a constant. Priniary-inovcment time gets 
larger as the distance is increased: for 2.5 centimeters, it is about 0.20 
second; for 10 centimeters, about 0.33 second; and for 40 centimeters, 
about 0.56 second. But though the time increases, it iloes nut iuevease 
]iroi)ortionatcly to the distance. For a IG-fold increase in distance, 
there is less than a three-fold increase in time, 

A similar liiit not identical thing Imiipens in secondary corrective 
movements. For 2.5 centimeters, these average 0.10 second ; for 10 cen- 
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timeters, 0.18 second; and for 40 centimeters, 0,18 second. In other 
■words, tlie time for corrective movements increases between 1 and 4 
incties but afier that seems to remain about constant. A more elabo- 
rate statistical analysis made by the autimrs ties in nicely witli this 
conclusion. 

8umitmr\j, Now, finally, let us look at the wliolc picture ^iven by 
this study. Reaction lime Is a con.^^tant. The time of ])riinary move- 



Fio. 130. Time tak('n for vi.^ual-poPii loning movements tln’on«b <Hffrront distances. 
Reaction time stays pnicticully constant, regardless of the (li.staiice. Primary- 
movement time increases slightly with diislancc but not in proportion to distance. 
Neither do secondary-movement times. In fact, they are almost constant for 
dihtunces greater than 10 centimeters { 2 V 2 inches). (After Brown and Slaier- 

Ilamiiiel, 1919) 

inonts increases with distance, but not nearly in proportion to the dis- 
tance. Sc'cnndary ni oven 1 cuts up to 4 incties take increasingly a little 
more time but not longer than 4 inches. All in all, there seems to be 
a basic mcclianisni in human visual positioning which makes the move- 
ment adjust fairly well to the distance. The greater the distance, the 
faster we move, so that time is roughly the same for many different 
distances. 

We have described this Iowa study in detail because it is recent and 
tlioroiigh. There have been several other experiments on the same 
subject, however. They all point in the same direction: It does not 
take much more time to make l)ig positioning imwements than to make 
small discrete movements. Tlie musical conductor, waving his baton, 
takes just about as long to make a big down stroke as a short one. It 
takes just about the same time to write in your own hand with large 
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letters as with small ones. And in movements made by {i;unncrs swing- 
ing onto targets, it again is practically as costly in time for a short 
swing as a long one. The story is always tlie same. It has some prac- 
tical applications which it would bo a little better to take up later 
when we talk about problems of arranging our work. 

Other VAiUABLiiJS 

So far wo have talked only fibt)ut positioning movements of the 
hands and only about the importance of distance to l)e traversed. 
There are a number of other questions one can ask— and answer — 
about visual-positioning movements. 

Direction of movements. First, does the direction of a movement 
make any difference? The Iowa study has covered that pro])lein, and 
so have some others. In general, there is no startling diflcrencc. In 
Figure 130, we see that direction makes no difference for reaction time 
or ])rimary adjustive movements. It does seem to make a little differ- 
ence in secondary movement times, but this difference, shown in the 
graph, is not IngJily sigjiificajil. In some other experiments, there has 
been ii suggestion that right-to-left movements with the right hand 
arc sliglitly faster, and, in some, that left-to-right movements are 
faster. In none of the cases, are these tendencies significant in a 
statistical sense, and we might as well forget them. For hand move- 
ments, therefore, we can say that left-right direction of discrete move- 
ments is of no great significance. 

AVe cannot be too sure, but there is some indication that discrete 
movements with the left arm (or nonproforred arm) may be a little 
faster than those with the right arm. Also it looks as thougli flexing 
the arm (bending movement) is somewhat slower than extension 
(straigliteiiing movement). More exi^criments ought to be done on 
these questions, but if we had to make a choice on the basis of our 
present information we should assume that these small differences are 
correct. 

Control sticks. Another practical question about visual-positioning 
movements is what happens wlien an operator is using a control stick 
of the type commonly employed in aircraft. One thing we know' is 
that the rate of movement of tlie control stick is greater for push than 
for pull. This ties in with extension movements being faster than 
flexion movements. Wc know, too, tliat the rate of stick movement 
is greater for greater displacements of the stick. The finding is like 
the other one we discussed: Rate of movement is faster when the dis- 
tance of the discrete movement is greater so that it does not take much 
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longer to make a big movement than a small one. Finally, it would 
appear that, under tiic l)cst of operating ronditions, the inaximum 
rate of push that e an he expected in discrete stick mo vein on U is about 
250 inches per second, whereas that for pull stick movement is about 
140 inches per second. Another experimenter, checking the same point, 
comes out with somewhat lower values of rate for pull and push— we 
know that the value will depend on the individual and the conditions 
— so these figures ought to be taken simply as indicating the general 
order of rates that might be expected. 

Friction and load. In studying stick movements and other move- 
ments of the hands and feet, people have tried to fmrl out wliat effect 
there is of putting a re.sistive load on the stick or ecrntrol wlien it is 
moved to a new position. As we might expect, a load cuts down the 
rate of movement. In some cases, it looks as though there is simple 
proportionality between load and rate, in which the rate of move- 
ment goes down as re.sistive load is increased. In the future, we hope 
there will be a lot more data on this question. Most kinds of move- 
ments which operators perform in practical situations involve some 
load, and it would be good to know how much the speed of the reac- 
tion is cut down for different amounts of load. 

There are some other items of information concerning positioning 
movements, but they will fit in best if they are put in a later section 
on the design and use of controls. 

REPEdTTIVE MOVEMENTS 

The name repetitive movement, as we want to use it here, means 
just about what it sounds like. It refers to any nmvenient that is done 
over and over again. If we simply take one cycle, many repetitive 
movements might break down into otlier kinds of movement discussed 
previously. As we shall see, however, the fact tliat a movoincnt is 
repeated gives it some special characteristics which arc somewhat dif- 
ferent than if the movement were made singly and only occasionally. 

There is quite a bit of literature on repetitive movoinenls (see Brown 
and Jenkins). In fact, as studies of movement go, one could say 
that the greatest percentage of ttiem concerned repetitive movement. 
Unfortunately, most of the inforniatioii has relatively little direct 
])oaring on ]m)blems of iirstriiinent design and operation. It d(5cs, how- 
ever, constitute some of the basic subject matter of engineering psy- 
chology. 

The two kinds of repetitive reactions that have l>eeii studied most 
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frequently either in the laboratory or el.sewlicrc arc tapping*; niovcnienis 
and cranking movements. Tapping movements are very easy to study 
— all one needs is a board, something to ta)i, some kind of stylus, and 
a system of counting — and tliey have caught tlic fancy of a number 
of experimenters. AVc therefore have a lot of data on tai)ping. 

Tapiung 

Indufiflual dijjercnces. As \vc might expect, there arc wide individ- 
ual differences in i)eople’s ability to tap. If wo ask people to tap as 
fast as possible, some can <inly get up to a maximum rate of S ]>er 
second; some can manage to do as well as 13 per second. This dilVer- 
ence between pcoi)lc 1ms been used as one of many possible tests of 
mechanical ability, and some agencies concerned muinlj^ with voca- 
tional counseling have used tests of rate of tapping to advise pcojde 
about tl)cir vocational abilities. It is questionable, however, whether 
tapping ability has anything to do witli anything except tapping. Put 
another way, it is quostionablo whether one can predict from a per- 
son’s tapping score whether he is efficient or not at other tyj)ca of 
movement. 

Preferred tapping rate. A little more realistic tlian maximum tap- 
l>ing rate is {ho i)referrod taj)ping rate, that is, the rate a i)orson will 
tap if you tell him to go at a comfortal)le speed for a long period of 
time. J^referrecl tajiping rates for different people run bei-ween 1,5 and 
5,0 taps per second. This rate, however, is not ])articula]dy stable. 
You can change it by a iiunibcr of conditions. If you force a person 
to tap at some prescribed rhythm, paced, say, by the soumi of a mei.ro- 
nome, then tell him later to tap at his pi’cforrcd rate, you will find 
that the ]jref erred rate has changed — in the direction of the rate at 
which he was forced to work for a while. 

Tapping ampliinde. One point of interest \s the matter of the 
amount of excursion in tapping. This is like the clisLanoc of a discrete 
movement, and the answer is about ilie same. It does not make much 
difference in tapping rate whether the excursion is very small, say, 1 
millimeter, or relatively large, say, 40 millimeters (nearly 2 inches). 
Extremely small or extremely large tapping motions are a little hard 
hyr an operator to make, and it turns out that tliere is some advan- 
tage to a lapping rate of making an excursion of about 20 millimeters 
(a little loss than an inch). Most of tiic time in tapping, however, is 
taken in starting, stopping, and changing direction, so tapping i‘ato is 
relatively con staid., regardless of excursion. 
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Cranking Movements 

Iloif' (o ta]). PiMiple have paid some attention to hnw we should 
ta[), wlu'tlior with i.lie fingers, wrist, cl how, or the whole arm. In gen- 
eral their experiments agree that the liighcst rate is gotten when most 
of the arm is used, either completely i’reely or at least with the whole 
arm from (he elbow. You cannot tap as fasi wlien you use only wrist 
motions as you can witli your whol(‘ arm, and your tai)inng speed is 
even worse if you try to use only your fingers and keep your hand 
still. 

There are a few factors in tap|)ing niovcinonts vvhiclj are easily con- 
verted into practical ap|)lications. We will mention just one here — the 
question of the position of the hand in tapping, whether tupj)ing up 
and down or sideways. Contrary to what we might expect on first 
thought, most people can tap somewhat faster sideways than np and 
down — like drumming the fingers on the talde. Also we can continue 
ta|)i)ing longer if we ta]) sideways. This faot has been translated into 
practice in the redesign of telcgrapli keys to he manipulated by side- 
wise motion rather tlnm uj)-and-down motion. Such keys have bnind 
their way into ])ractice in some quarters. 

CUANKING MoVIOMENTS 

There is another kiml of repetitive movement we arc beginning to 
learn something about. In scientific language we would call it manual 
rotatory performance, but you will understand, no doubt, what we 
mean when wc speak siin])ly of cranking. 

We could ask a good many questions about cranking. Some of 
them, if answered correctly, might make many cranks iliat wc have 
to contend with a lot more crankablo. First of all, how fast can wc 
crank, and under wliat conditions? Du we crank better if wc make 
big circular movements than if we make small ones? Do we crank 
better if we have a load to work against than if we do not? Can we 
crank better in one plane than another oi’ at one distance than an- 
other? We know the answers to some of these questions, but we wiW 
need more research before wc can find all the answers. 

Cranking radius. The easiest way to talk about the size of our 
cranking movements, whether in big circles or in small ones, is to speak 
of the radius of a crank. For when we arc cranking, it is the radius 
of the crank that determines how large our movements are. In Fig- 
ure 131 are some curves showing how fast one subject in an experi- 
ment was able to crank with different radii. For the moment, look 
only at tlie top curve, and forget the others. Though this curve is 
for one subject,, a lot of other curves like this one have been measured, 
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anti they aU look niueh the same. Tlie eiirve tolls us for one thing 
that we can crank about 275 revolutions |)or minute. It also shows 
that the rate of cranking goes down when the radius of the crank is 
very large. J3ut notice, loo, that, when we increase the radius by a 
factor of ten times, say, from 2.4 tt) 24 centimeters, the cranking rate 
is cut less than half, Tn other words, how fast we can crank is not 
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Fig. 131. Fastest (‘unikinK rat(‘.s for dilTennil. radii and ditfcM'ont drags on the 
crank. The upper curve is for a crank with hardly any friction, and the lower 
two curves have iiu'n'asod fricition (or load). Notice that (‘ranking ral.cj goes 
down as the radius is increased, but not so iiiii(*h as we luigiit expt'ct. Noti(!i» too 
that pulling on a load alTt'cls the shorter radii much nioi’(‘ than the larger oju’s 
and shifts tlic radius for optiiiuun performance slightly to th(5 right. (Aft(‘r Heed, 

IMO) 

directly proportional to the size of our cranking inov(unents — far from 
it. This is like some of the other things we have noti(5ed. It docs not 
take 10 times as long to move 10 times tlic distance cither. So, in 
cranking, as in other kinds of movements, the movements tend to com- 
pensate for the distance and to ))e more nearly constant than propor- 
tional to the distance to go. 

Force and reshtance. Now look again at Figure 131, and observe 
the lower two curves. These answer the question about load or re- 
sistance in making cranking movements. First of all, tliere is an op- 
timum point in all of tliesc curves — a value of radius about 3 centi- 
meters which gives Du; best cranking rate. And, second, in the region 
of the optimum, any load or drag imposed on the crank (aits down our 
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ability to crank. At high radii, where cranking is rather poor any- 
way, tlie load does nut make much difference. Notice, too, tiiat tlie 
optimum shifts upward a little as the load is increased; the peak of 
the curves goes from about 3 to 4 centimeters. This is a, general rule 
wliich may be applied to a lot of things about cranking that wc do not 
liave time to go into: Any factor that tends to impair motor coordina- 
tion or make the task harder shifts oi^tiinum performance to higher 
radii. 

There arc other things wc know about cranking and other tilings 
to be learned through more research, but wc shall let this liriof sum- 
mary do for the present. It demonstrates that in cranking, as well as 
in other kinds of movement, some principles are fairly useful. When 
apidiod, they can make a good deal of difference in tJje efficiency with 
which we can crank a crank. 

CONTINUOUS ADJUSTIVE MOVEMENTS 

Our classification of movements is not perfect, and wc are not too 
satisfied about wliat gets called continuous movement, rcjictitivc movc- 
nient, or positioning movenicnt. Wc must nevertheless have .sonic 
classification, and we shall keep the present one until a bettor one 
comes along. In talking aljout continuous movements, wc nieaii tliat 
a man must continuously do something, like adjusting a wheel, turn- 
ing a wheel, pushing a rudder, or adjusting a lever to coinpensate for 
the changes in the outside world. Steering a car is a continuous move- 
ment, for the man must continuously make adjustments for the curve 
of the road or obstacles in his patli. Driving almost any vehicle, 
whether it be a tank, automobile, or airplane, requires continuous con- 
trol movements. Tracking a moving target with a gimsighi involves 
continuous movements. 

AVhat do wc know about continuous movement? Unfortunately, 
not so muclj ns we would like to. What jji formation wc have comes 
from exporiinonts concerned with aircraft or military applications, 
and more is needed for industrial purposes. This is what we know so 
far: 

Analysis op Handwheel Tracking 

First we want to know what goes on in continuous adjustivc move- 
ments, Recently tlierc were some exploratory experiments in this field 
conducted at the University of Indiana under the s]ionsorship of 
Wright Field. A large handwheel was chosen for continuous adjust- 
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ii»ent, and tho op orator was pros on tod with two poinic^rs. One pointer 
moved left or ri^ht on a jmedo tor mined course not known t(j the oper- 
ator. The other pointer was moved i)y the adjustive moveuienta of 
the operator. His problem was to keep tlie two pointers lined up 
l)y moving the wliecl as much as was necessary. 

Measures of movement. The subjects were first thoroughly trained 
in ( he pn)bloin until they got to be rather good at it. Then very care- 
ful measurements were made on a recording device of just what move- 
ments were made by the operator in keeping the two j^ointers matched 



I^io. 132, A n'conl of Imcldria: niovonU'iits. 'Tlu* doUcul show difforrut 

\vavjd('iij^l,h (lU'hmily liidf-wuvc's) (‘oiniumcnls of Lin* rocord IP, 'Dio arrows show 
th<' {irii|dil.nd<* of llio \vavolon^]:l.h coitipoac'iii A, l.\vo kinds of (nuikiiig wavf's, 

poMlion tracking and ralo tracking, nn* indicalc'd. (After Hill, Gray, and hhlhon, 

1947) 

Up. Ill Figure 132, you can see the kind of record the Indiana psy- 
chologists got. ^rhis is not an actual record, but one showing the kinds 
of movements tiuit are re(*orded. As you can see, the record is ‘bvavy”; 
it looks as though an analysis of tho records could be made in terms 
of the size and types of waves that make them up. "I'hat is what the 
psychologists tried. 

They made three types of moasuroments on all of their records: 
They measured (a) the wavelength of each wave, (6) the amplitude 
or excursion of each wave, and (r) the initial error of each wave. J^ut 
another way, they used each corrective movement as their imii for 
analysis ancl dctcriniiied how long it took to make the movement 
(wavelcngtli), how far olT the operaUn* was wlien he started to make it 
(initial error), and how far he moved from start to ciul of the move- 
ment (amplitude of the movement). This apparently is a good way 
to approach the problem, and it gives some interesting results. 

Types of movement. For one thing, it became clear that there are 
two kinds of adjustive movements: The first is raie-tracMng move- 
ments in which the operator makes a continuous adjustment at just 
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about the same speed as the target pointer is moving. This kind of 
movenienl has a small initial error, for the oporalor stays fairly close 
to the true course. It has relatively small amplitude, for the operator 
is attempting to make his correction continuously at (he same rate 
as the target pointers. And it has a relatively l<mg waveleitgth, for the 
operator maintains the eoiitiimous corrective adjusiment for relatively 
long periods of time. The second type of movc'ineiit is a 
trackino nioveinenl in which the operator gets some distance off course 



Amp(aude m degrees 

Fk). T1h» variiibilily of wiivelcugtli of tuljiislivo iiiovemc*nts for tlifferont 

aniijlil.udi's of inovomont. Wo see that vjiriiihility is very higli for titni)liiu(les lcs.s 
tljun dogroo, but oonsianl for larger am pi i tildes. For this roasoii, V 2 degree was 
lidaai as the dividing lino for ratc-lracking and position-tracking inovonienis. 

(After Hill, Gray, and El Ison, 1947) 

and makes a quick adjustment to get hack on course. Movements of 
this type have high initial errors, they have high amplitudes, and the 
wavelength, that is, the time taken to complete one adjustment, is rela- 
tively short. 

This division of movements into corrective movements and rate- 
tracking movements is an experimental fact which sliows up in ail 
sorts of ways of analyzing the data. 

Wavelength versus amplitude. Consider first, the problem of wave- 
length of movements versus the amplitude of the movements. In 
Figure 133, you see the standard deviation of wavelengtiis, tiiat is, the 
variability of time taken to make a movenient, i)luUccl against the 
amplitude of the movement. There is great variability when the 
amjilitude of the movement is less than degree (eri-or was meas- 
ured in degrees); the standard dtwiation of wavelength for small 
amplitudes is very high. On the otlicr hand, with amplitudes of ud- 
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justuioiit greater than degree, the time taken for a movement is 
much more coimtant, and, it dc^es not matter how great the movoinent 
is, tlie variability in time to make the movement is just ni)oui tlic 
same. it J(^oks as tlamgh two dii'fercmt things wore going on 

below and above Yz degree. Accordingly, U* degree of movement was 
taken as the line for dividing rale-tracking movements from jiositiun- 
tracking movements. 



Jon. 'J'ho tijnc twavclongth) for rale-1 racking and position-!. racking 

movonuMiis n\ tlifiVn'iii target spc(*d.s. Notice timt the time of position-tracking 
movements is pnujtically constant for all large! sjjoeds, hut, on llu' oUku' haml, 
the iijno for a raic-lnu*king movement, sleadily dccroiisos with increasing speed 
until it becomes a constant at about 5 imjhes per second. (After Hill, Gray, and 

iiillflon, 1047) 

Wavelength verfiUs pointer speed, Yuu can sec the difference be- 
tween the two kinds of movements again in the plot of wavelength 
versus target speed (Pigurc 134). In tlic experiments, there wore 
five different target speeds which can be specified either in terms of 
inches of movement of the pointer or in Lcrins of the etiuivaleiit rotary 
motion of the handwheel, If we plot the wavelougtiis of corrective 
movements of am])liUHle greater than degree, we sec that there is 
very little relation to target speed. The curve is almost flat. The 
mean wavelength (time) to make a corrective adjustment gets a little 
faster when the target speed goes up— but not miirli. I'he rate-tracking 
movements, on the other hand, are of much shorter wavelength when 
the taj-get s])eo/l is higln docrca.se in wavolenglh of these tracking 
nu moments is almost directly proportional to the increase in target 
speed, though not quite so. 

Types of movement and target speed. There are other facts from 
this study which fit into the picture. The perceutuge of rate- tracking 
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inovoments goes down as target speed goes up, and the percentage of 
corrective moveincnts goes u]) as target speed goes up. Moreover, a 
furtlier breakdown of tlie data shows that (a) the total number of 
movements of any .sort tends to decrease as the target sjmed goes up, 
(6) the number of corrective inoveinents remains almost constant, 
though increasing slightly, and (c) the number of rate-tracking move- 
ments decreases tremendously with increases in speed. 
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135. Tho a\’’oraKC amplitAuio of waves and the iivf'rugc error for different 
target speeds. We see tJjat both simply in('r(»nfe*e proper! in nally wi!h taiiRct spec^d. 
This means that the relative error is about, eonstant for tlilTeriiiit target speeds, 
(After ITill, Gray, and EUson, 1947) 

Error and target speed, Pcrha]’)s before we leave this siibjcet we 
should explain what consequence all this has in terms of error of the 
continuous mo vein cuts. Tlio grajdi in Pigiire 135, wliieli flifjrogards tim 
difference in tho two types of movement, tolls what the average error 
is, in (iegroosy for the njovement p?7)blem at difforG2it target speeds. ^Yc 
see tluit the average error increases with target speed in a uniform 
fashion. Also in Figure 135 and showing roughly the same thing is a 
plot of average wave amplitude for increasing target speeds. Wave 
anii)li6udc is simply the average size of adjustment by the operator. 
This, too, increases with speed. 

The interesting thing, however, is that the increase witli speed is just 
what we would expect if the size of the adjirstinent were proportional to 
the target speed. Put another way, it is what we would exi)ect if per- 
centage (relative) error stayed constant. By actual computation, rela- 
tive error increases from 3.08 percent at the slow speed to 3.51 percent 
at the highest speed. Thus it is ])ractically constant. 
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Tiit}e error fw a measure. There is anoMicr way of luoasuring the 
erfeetiveiicss of continuous movements. It seems a little strange at 
first, but it makes sense. The measure is time error. This is not to be 
confused witli a special phenomenon of time error frcciuently described 
by psychoh)gists. Here, it is simply the error of an operator put in 
terms id* the amount by whicli he is behind or ahead of his target at 
the nito tlie target is moving. Thus, by measuring the number of inelies 
of error or the d(;grecs of handwliecl movement and dividing it by the 
speeit of the target, we can convert any error measurement into iiinc. 
The nice tiling about Ibis measure is that it is complotcdy independent 
of a lot of varinhles we might liave in an experiment, such as scale 
factor, handwheel size, gear ratios — any factor, except the speed of 
the l.argct. Any time error for a particular s])eo(l, however, can always 
bo corrected for the sjiecd of the target by multiplying by the appro- 
priate factor, 

Ilavchrheel speed and adjustive movements. This kind of measure 
has been used in some experiments done during the war on continuous 
movements (Hclson"). One Ibing Melson did, wliieh the Indiana 
psychologists did not do, was to measure tlie effect of liandwheel speed 
on tracking iierforiuanee. In the fiuliana ex])eriments, Uie amount of 
turn of ilui wheel to make a nmvcinent of the jxiintor was kept constant 
at *1,77 degrees of wheel turning to 1 inch of pointer movement. C51mng- 
ing targf't sjieod required a higher rate of turning ilie handwheel to kec]i 
iqi with the target. In Holsoids experiments, however, lie kept his tar- 
get at constant spccMl and changc<l the amount of turning required to 
keep up with the target. The correct liandwlieel speed could then be 
specified in terms of revolutions per mimiic. Ho could study, then, 
the effect of error of different handwheel siiceds on tracking perform- 
ance as measured by time error. 

His results are shown in Figure 136. They arc quite clcai*. U}) to 
about 200 revolutions per minute the greater the liandwheel speed tlie 
less the error. He did not go above 200 revolutions per minute, l)Ut we 
may expect that, at some speed above that, 'error would got worse, be- 
cause a person can only turn a handwheel so fast and still have it 
under control. After that, ho might s]nn the wlieel and make it coast, 
but he would lose control of the rate at which he could make it move. 
It is interesting, however, that increasing hand wheel s peer I is a means 
of making continuous movements more accurate. This ought to be 
true regardless of target speed, for target speed can eliangc only the 
relative error, not the absolute error, TTi'Ison has, in fact, shown that 
faster handwheel speeds arc better than slower ones, no matter what 
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conditions are used, whether of inertia uf handwheel, friction, dianictei* 
of handwheel, course magnification, course difliciilty, or duration. He 
found that the ojitimal speed, that is, the speed of lowest error ))efore 
the ‘MDreaking” of the operator varied a iiltle with the various condi- 
tions (140 to 200 revolutions per minute), but tlie higliest possil)le 
handwheel speed before the operator breaks was, in all liis experiments, 
tile best for getting the lowest error. 
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Fig. 136. Error in handwhre*! tracking at ilifYcrcut sjioods. The time error cor- 
responds to the distance the openit.or is alioad of or hclund l\w moving t argot. 
We sen that error is higli for slow ham 1 wheel speeils ami hecomes sinaih'r with 
JnercasiDg 3poed, Error is least nt relatively higli speeds of 100 to 200 rpni. 

(Helson, 1919) 

Characteristics of the harulwheel. There are some otlier factors in 
continuous tracking that Helson lias studied qiiantilaUvtdy.^ Tliese are 
“weight” or “heaviness” of the liandwhecl (also called its “inertia”), 
the friction against which the handwheel must lie moved, and the size 
of the handwheel. All these factors are of some importance in per- 
formance, but they interact with each other in a fairly complicated 
fashion. Tlie results are summarized in the scries of graphs in Figure 
137. 

You can see there that inei'tia is a good thing. It decreases error 
at vslow handwheel speeds but not so much at high speeds. Thus it is 
a good idea to make a handwheel heavy. Tf it is not possi])le to have a 
high handwheel speed, then it is also a good idea to provide additional 
inertia if that is possible. The size of the liandwlieol in diameter is 
not so important, but it does help a little to have it bigger if the hand- 
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wliuel is light in waiglit anti if lianthvhcol Kpmis arc low. You can soc 
that friction is a bail thing. It rctliices accuracy somewhat under 
almost ail conditions, but it is particularly bad for light handwheels 
ainl for low handwheel speeds. 
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Fiq. 137. Krmi' in hundwhcnil tnu-king for hiindwlioolH of dilTornnl m.a, of ilifforonl 
diainoler and willi (IjfiVrani aniounlrt of fridioii, We ean aee Unit frietion is 
always hanuful, but espt'eiiilly at low liandwliotd speeds. A largo diameter is 
usually bettor than small diameler parlicidurly for liglit liniulwliecds. A heavy 
handwheel is belter Hum a light one, (Kelson, 19*19) 


SUMMARY 

In this cha))tor, we have reviewed some of the things we know nbout 
the ways people make inovemcnis. There is still inncli to be learned 
through future roscarclh and our present knowledge raises more ques- 
tions than it answers. One conspieuous point, for examj)le, is that this 
chapter is entirely concerned with inovementH involving ilio lumds and 
arms. Actually, of course, fool and leg movements are important to 
many kinds of machine systems, and it would l)c valuable to have 
some of the kinds of data that appear in this chai)ier duplicated for 
the pedal body memhei's as well. 

Tor all that, there arc a number of things that stand out rather 
clearly. First, it is possible to classify movements, even if crudely, 
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to lielj) us think more clearly about them. And we can uieasiire them 
in several ways; l)y action ])otentials taken from eoniracting muscles, 
by measuring the speed of the movements, and by measuring tlie accu- 
racy of movements. There arc a good many things tiuit affect these 
measures of movement: whether we can see what we arc doing or not; 
wliicii direction we move in, whether up or down, or toward or away 
from the body; the distance of the movement; the friction and inertia 
im])eding the movement; and tlie speed of tlic thing wc arc trying to 
follow when wc track. It is very worth wiiile, loo, to make me as lire - 
lueiits of movements under these various conditions, for we often dis- 
cover certain conditions which are most favorable and most efficient 
for the kinds of movements we want to make. 

Tliis chapter, however, does not end our study of luoveinonts. In 
those that follow, we shall discuss some more specific ])robleins of mov- 
ing and using controls and of arranging our work mosl effectively. 
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THE LAST CHATTER TOLD BRIEFLY ABOUT MAN^S ^VAYS OF MAKING MOVE- 

mcnts. In this chaiiter, let us take a step closer to the engineer’s prob- 
lems of designing controls which human oi)eruto)*s must use. Let us 
see what can and should be done to make controls more usable. 

Tools versiis controls. Most of this chapter will deal with controls, 
but some of it will apply also to tools. The distinction, fur our pur- 
poses, is a minor one. A control is something attached to a panel or a 
machine; it is anchored to something that kcejis one from walking away 
with it. That fact creates a lot of special iiruljlenis of placement of 
controls, shape of controls, size, direction of movement, and the like. 
It is sucli problems that will be of most concern to us here. A tool, on 
the other hand, from the human point of view, is something like a 
screwdriver, hammer, or saw that a man can pick up and move about 
as he likes. There arc some things to be said about tools, such as their 
proper shape, weight, and kind of use. These arc nut so inii)ortaiit as 
the problems of controls, but we will say something about them, too. In 
the lu’oad sense of the term, of course, a tool is anything, including a 
very elaborate machine, that is used to make something with. But in 
this discussion we can forget machine tools and worry only about the 
tools and controls that are manipulated directly by human operators. 

Hands and feet. Cats in puzzle boxes sometimes o])crate hit (dies by 
hitting them with their tails or bumping them with their heads. Some 
monkeys do pretty well at picking things up with tlicir tails. Man, 
however, is not quite so versatile. In theory, he niiglit operate some 
controls with his teeth or his head, but, in practice, ho has to do just 
about everything with his liands and feet. All tlic controls, therefore, 
that ^vc shall discuss in this chapter are those that i)cople work with 
their arms and hands or with their legs and feet. 

Industrial engineers now usually accept the maxim that '^the hands 
should be relic^'^ed of all duties that can be taken over by tlic legs and 
feet.’’ Because we are best with our hands, we get in the habit of 

m 
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having our hands do all of Uie work — just ns \vc Lund to have our 
eyes do all the i)ere(‘iving because they are so good at it. d'liere is, 
however, hardly a iimehine used in everyday life or in industry whore 
we (U) not Imve to do several things at once. And, althougli the liands 
are good, they cannot do e^'ery thing at once. The feet can do some 
tilings, and the answer to this proldein is to shift sonic control functions 
to the feet. Driving an automobile, for example, is a iiretty simple job, 
but even that requires thi’cc or four niovenients close together in time. 
The automobile designers, therefore, have been putting more and more 
controls on the floor to be oiierated liy tlic feet. The same is true of 
other modern machines. So throughout this chapter we shall take up 
problems of foot controls as well as those of hand controls. 

The importance of controls. One of the important problems in engi- 
neering is to tell how much to exiicct of a inachiiie and how much to 
expect of the oiierator. The engineer fi’cqucntly designs the best ma- 
chine he knows how to build, and, then if something goes wrong with it, 
he lays the blame at the door of maintenance or of the operator who 
runs it. He may not have realized that he designed tlie controls of the 
machine so that no one but a genius with a lot of time on liis hands 
could possibly run it. But, of course, this miscalculation is not the 
fault of the engineer either, for someone should have told him just 
what to expect of the operator. 

Unfortunately, there arc very few studies analyzing the operator's 
side of running a machine. Tlicrc ought to be many mure of them. 
One good example of such u study comes from the aviation psycholo- 
gists, The cockpit of a plane is a Kcrious ]>roblem in the operation of 
controls. We will discuss it briefly as an illustration of wliat can be 
done and as a way of introducing the main problems and facts of this 
chapter. 

CONTROLS AND PILOT ERRORS 

The aviation psychologists at Wright Field ^ were given the task of 
doing something about controls in the airplai\c cockj^it. People have 
known for a long time that many aircraft accidents were ascribed to 
‘^pilot errors,” not to failure of ilie i>lane. Pilot errors frequently be- 
come a life-and-death imitter, not only for the pilot hut also for all who 
are riding with him. Thus it was important t.o find out how many of 
these so-called jiilot errors might have somctliing to (lo with the design 
and use of controls in the aircraft. The Wright Field psychologists, 
therefore, started to track clown all cases of aircraft accidents in which 
the pilot lived to toll the tale. The pilots were located and extensively 
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interviewed. Every "error” whicli they made personally or ol>«erved 
was carefully recorded. AltogotJier 4G0 pilot errors were stiu.lied. The 
data were then analyzed to tlctcrinine the sources of error. 

Confusion of controls. By far the largest source ()f pilot error was 
in the confusion of controls — mistakenly operating one control when 
another was the correct one. And one of the most frequent confusions 
was operating the wrong control in the throttle control (iiiadrant. In 
other words, tlie pilot would pull the tlirottlc when he intended to pull 
the propeller control or cliange the gasoline mixture when he meant to 
pull the tlirottlc. A look at the design of different jilancs made it pretty 
clear why this type of error happened frequently. The different but 
related controls were arranged in a different sequence on every fiif- 
ferent plane the pilot had to fly. The throttle was on tlie left in tlio 
B-25 and in the center in the 0-47 and C-82. The propeller control 
was ill tlie center in the B-25, on the loft in the C-47, and on tlie riglit 
in the C-82. And similarly, the gas-mixture ooni.rol was on the right 
in the B-25 and C-47 (nit on tiic left in the C-82. It is no wonder that 
a pilot makes mistakes when he finds tlie same control in a different 
place in every machine ho flies. 

(J) Crowding of controls. Anotlicr trouble occurs because controls that 
are placed together Imvc very different uses. These three controls we 
just talked about were located close together. Also, on many planes, 
the control for the wmg flap and the landing gear wore side by side — 
tliougli to land a plane you must put one up and the other down ; to 
take off you do just the opposite. Serious accidents could be traced 
to confusing these two controls. Later designs of airplanes irsually 
avoid making this mistake nowadays. 

There were several other sources of confusion in operating controls, 
such as operating the control for the wrong engine or identifying tlie 
wrong switches for landing lights. But these two examples are enough 
to illustrate the point. 

Q' Conti'ol adjustment errors. The Wright Field psychologists found 
another type of error in operating controls to be quite common: adjust- 
ment errors. Sometimes pilots would select the wrong fuel tank, some- 
times follow the improper sequence of controls in lowering wheels, or 
fail to adjust tlieir wing flaps at the correct rate. Most of these mis- 
Uikos happened because the job was too complicated— there were just 
too many adjustments to make for the proper setting. The cure that 
was suggested was to make some of the adjustments automatic and to 
simplify the sequence of motions for the pilot. 
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Forgetting orrors. In addition to those two classes of errors, wliich 
wore large percontugewisc, there were four otlier general categories of 
errors. One was of siinj)le forgetting errors. Uut even these could he 
eliminated by ciigineoriug devices. Forgetting errors seeiiic<l to ajipcar 
in h>ng and involved eiua*k“0('f procedures, such as a pilot goes tlu'ough 
in g(‘tting ready to take off. Any little distraction cun make him I'orgt't 
where he is in the set(uence. Tlie Wright Field psychologists suggest 
tliat controls slnadd he made to rcminin locluul until all previous ad- 
jus tu amts in a sec pi once have been made. 

Reversal errors, A fourth class of errors they called reversal errors. 
The pilot moved Die control in the direction opposite to what he in- 
tended or to what lie should liave done to produce the correct result. 
You might think this would bo the pilot s fault — but not necessarily. 
Koine of (hose reversals are due to Die ‘binnaturalness” of the move- 
ment rc(|U 3 red by the control. If the pilot is supjiosed to move a 
control to tlie right, wium lie wants to go left, or if lie is supposed to 
push a control inward while ho is pulling another control outward or 
inilling bis whole body back to go into u climb, there may be some 
excuse for making an error. Psychologically, certain directions of 
movement are natural. At least they go along with other things we 
are doing. To avoid errors, the controls slumld be designed to take 
account of sucli natural bent.s on tlie part of operators. 

Uninicnfional errors. A iiftli class of errors, descrilied by Die Wright 
Field psychologists, involves accidentally moving a control, This hnp- 
])cns wl)on controls nre too close togetlicr and Die operator knocks one 
control ill atlemjiting to operate another one. Or his arm can lirush 
a control located too close to his body when he is reacdiing out for 
anoDier control. Kuch unintentional errors arc certainly an enginoci’ing 
fault, for they can haiipen only when controls have hovu crowded too 
close togetlu‘r or have been placed so that the oiHirutor cannot move 
freely without kn(>ckiug them. 

Itearhing ^rror.s. Finally, an error that may not seem reasonable— 
but nevertheless liapiiens in airplanes, and in other machines as well — 
is a reiK^hiiig ori*or. The pilot just cannot reach the control that he 
wants. This happens sometimes because Die instnimeut ])anel contain- 
ing the control is loo far away from him, and no jirovision has licen 
made for the adjustment of liis seat — if lie is a short man — to get liim 
closer to it. Or, occasionally, the operator must ho operating one c5on- 
trol close to his body, say, the control stick, and cannot at the same 
time reach anotlior control. Such reaching errors arc plainly a fault 
of engineering design and may he remedied by insuring that eonl.rols 
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are looated so that any two may he reached at the same time — at least 
any two that must be used together. 

We wish that there were more and better studies of how errors or 
losses in cflicieney in the operation of machines depended on the d<^sigii 
and arrangement of controls. The story of the pilot errors, however, 
will give an example — one tliat can concern life and death — ^of how 
such studies can ho condueted ami the results they will give, AVith it, 
too, we are introduced to the kinds of j>robleins with wliich we deal in 
the ongineoring psychology of controls. 

THE SELECTION OF CONTROLS 

If wc were given tlie task of designing some controls for ilie best 
human use, we would want some logical way to go abniil. the jjrobleni. 
We would have a whole series of questions to answer! The rest of this 
cha]')tor will take up those questions, one by one. 

The first question would be what kind of control to soled for a 
particular task, This is not easy to answer. There are an infinite 
vari(dy of controls. Their names and their physical tyjjcs defy good 
classification. We have pedals, puslibuttons, t.()gglc switches, selector 
switches; joysticks, leverS; tlirottlcS; and so on through a long list. 
Some day wc may have a little handbook giving a compldo list of 
physical types of controls together with recommendations for how they 
can be used. It is a little too early to attempt that now. 

Types of controls. At present, there are two things we can do: 
fl) tliink through very carefully what kind of control would be most 
helpful to the operator; and (2) run controlled experimental tests of 
the merits of different tyi)cs of controls. The first task rociuircs only 
some common sense — but good sense never 11 lelcss. If the operator 
needs only to turn something on and off, he sluudd lie given a simple 
contact control — *a control that merely turns things on and olf witli a 
relatively effortless motion. If the operator must choose one of sev- 
eral conditions, lie sliould be given a selector control wincii allows selec- 
tion of one of several positions. Finally, whenever the oiiorator must 
make eontimioiis adjustments, he should bo given an adjustment cositrol 
which allows him to make any desired sotting. Such a crude classifi- 
cation of controls according to tlieir use is a matter of coi union sense. 
Sometimes, liowev(‘r, engineers forget to consider the ojierator and inck 
a (aaitrol that may be logical from the standpoint of the inacliine's 
design but neglects the job the operiiior has to do. 
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lixperunenial selection of controh. Though conunon soiihg is some- 
thing wo should never ])e witliout, there nre many (iucsti{)ns concerning 
the selection of controls that, cannot he answered ))y just using our 
heads. 8oino (luestions need scientific nieasuroments of human ])erfonn- 
aiico with diiTerent kinds of controls ])eforc we can decide which kind 
of control to choose. Puch cxi)erimontal nicusurcinents are extremely 



Fia, ApiJamUis for com pa ring ctTcrtivcncps of rlilTorciifc flight controls. Tljb 
operator sits uiul watches lh(» .snmll clock4yp(5 iiulicalor at the lop of llic panel. 
'J'his indicator has two point ors which iiro moved i)y some uiitoinnt.ic macliiiu'ry to 
simuhitn changi's occurring in Highi. The oponil.or can iiso tho different (sontrols 
to koep these i)oin ten's on their correct marks. (Aftia* Grelhcr, 19-1 7) 

rare — so rare Unit all we can do now is give one exnini)le of how sucli 
experinionta can be done. Thc're arc several experiments of tins kind 
going oil today, and in a few years from now there may be some ex- 
tciiBive information on the selection of controls. 

The cxatnple again comes from ilie Wright l^^ield psychologists.® 
They so Ice tod for study the (pics lion of what types of flying controls 
should he i)i’(»vided for a pilot. They compared ruddew movements of 
the foot, stick movemonis of the hands, and wlu^el moviuiu'nts of tlie 
hands. The operator of the controls had to kc‘('p an indicator in front 
of him centered at all times (see Figure 138), An automatic device 
kept pushing this indicator a little ofi". the mark, j\ist as the drift of 
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tJie ])lane and air currents would if the plane were in fliglit. The 
operator’s job was to use the control to compensate for the drifting 
iiiovenieiits of the indicator. Tlie psychologists inensurcii the percent 
of the time the nperutors managed to keep on the target with each 
controJ. 

Actually tlie experiment was done in several different ways^ but the 
variations need not concern us here. Here are the main things they 
discovered from the experiments: The arm controls — the stick and 
wheel — were consistently better than the leg control — the rudder. So, 
any time precise adjustment is needed, we sliould use arm controls. Leg 
controls can be used for coarse adjustments. 

Second, they discovered tJiat pilots are just i\s aecm'ate with a stick 
as with a wheel. Of course, the wlieel takes two hands to operate, and 
tlie stick only one. Thus, if there is any important reason for freeing 
one liand, the stick control sliould 1)0 selected. No harm would be done 
because performance would be just as gcjod as with the wheel control. 

Tins is just an example. The important point about it is that we 
can select controls scientifically. The matter need not be loft to guess 
nor to pei^soiial opinion. AVe can design scientific experiments that will 
tell you which of several possible eimtrols is the best and liow much so. 
Experiments of tins sort would ilo much to improve design by selecting 
proper controls for human use. 

REALISM IN CONTROLS 

Selecting the proper type of control is merely the first of many prob- 
lems in the engineering psychology of controls. A secoiui prol)lem is 
how to design tlie control so that it is most “natm'al” or “realistic” for 
the operator. The use of realism has become an important ]U'ineiplo 
in the selection und design of controls. 

There are many different ways in whicli the ])rinciplc may be ap- 
plied-each depends on the particular engineering problem involved. 
In some cases, there will have to be research studies to find out what is 
natural or realistic to the operator. In many other situations, a little 
common sense will do. If a control in an airplane is supposed to make 
tlie airplane go down, then it would be a good idea if the control had 
to be pushed down to accomplish this result. If we want to make a 
lathe go clockwise, then the conircil should go clockwise. If wo want 
to produce a movement to the left, the control sliould move to the left. 
This principle is not always applied in the design of controls, AVe are 
not sure how much it costs not to use this principle, liut we hope that 
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the research men will do something on I he problem in I he near future. 

Nttlunil (lireciion of ronlrol and Indira tor nioremenl. One i'es(»arch 
from Wright hhehl “ is a g<u)(l example of how (o hinl (Ud, whai is nat" 
ural or realistie for an oporulor. Five dinVrent ]Kinels were set up as 
shown in Figure 13h. ICach [)anel had a eirenlar control knolj and a 



Panel No. 1 Panel No. 2 Panel No. 3 



Fia. 139. J^’ivo iniiads willi diiToreiit reJul,i()ii.sliins boLwoeii oont-rol ami iudiralor 
niovGinent, Operators were tosled on ea<!h piinol to soo wluil dire(5tion of control 

movement was iiuliiral or realistic to tlio operators. (After Wnrrirk; 1947) 

row of five lights. Tn eatdi case, a light was presented off center, and 
movement of the knob in either direction would bring the light l)ack 
to the center position of the liA^e lights. The problem prosontetl to 
pilots was to find out which way they miturally turned the knob to 
bring the light back to center. 

You see in Figure 139, howovor, that the arrangement of lights and 
knobs on each ])anel was different. On one, the lights were arranged 
horizontally above the knob. On another, they Avere placed vertically 
to the left of the knob, and on another in a vertical position to tlie 
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riglit uf the knob. On tlic other two panels, the lights and knob were on 
different sides of the panel box. The question for study was: What 
directions of rotation for tlie different setups seem natural or realistic? 

On three of these panels, there were clear-cut res\ilts. These were 
tlie tln’ce in which tlie knob and the lights were mounted on the same 
panel face. On panel 1, subjects turned tl^c knob clocikwisc to move the 
lights from A or B towaj’d C and turner] it coiintoi'clockwise to turn tlie 
lights from D or E back toward Ch Similar results were obtained on 
panels 2 and 5. On panel 2, the operators turned the dial clockwise to 
move the lights from A or B to C, and coiinlor<dockwisc to move them 
from D or E to O, And on i)ancl 5, which differed t)nly from panel 2 in 
that tlio lights were on tlie left rather than the right of the knol), ex- 
actly the reverse results were obtained. All these choices occurred 
between 70 and 95 percent of tlic time and represented strong and 
significant tendencies. All tlie results fallow a simple rule: An operator 
naturaJly turns a knob clockwise to get clockwise inoveincnt of the 
signal controlled, and he naturally turns it eoimtercloekwise to get 
conn lorclock wise movement. We have ex ji or i mentally confirmed the 
commonsense rule stfit(?d )')reviously that a control should move in the 
same direction as the thing controlled. 

As you might guess, panels 3 and 4 showed equivocal results. The 
lights were not mounted in the same plane as the knob, \\hili this 
situation, there did not seem to be any particularly natural way t{) turn 
the knob. Anxious to find out whetlier there was any significant dif- 
ference, the experimenters carried the experiment a step further. They 
revised the two panels to make 11 lights rather than just 5 (sec Figure 
140). Tlion they rlolibonitel}^ had operators turn tlm knobs in one 
direction or the other to see how quickly and how accurately ilu’y could 
adjust the light to tlic center position with the two different directions 
of rotation. With tliesc measures of ]>erformancc, rather than siin]fic 
preferences for direction of movement, some differences could be found. 
The reactions were faster and somewhat more accurate when the clock- 
wise movement of the indicator moved the indicator lights to the left. 
And in the revised panel 4, errors were fewer, and speed somewhat 
greater, when clockwise motion of the knob moved tlic indicator lights 
away from the ojicrator. The diffcrcuces obtained I, however, w(‘rc 
rather small. It was concluded in this type of setup that, if other 
engiiiecring cozisiderations arc imj)ortant, it (hies not juattor too mucli 
what the direction of control and indicator movements are. 

Control plane and display plane. There is still a third study ^ in 
this series about realism or naturalness in controls. The puri)osc of 
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Fig. 140. Two (‘ohl.roI-indiViiinr ummsojiionlrf for '‘n-nlisui." TIio«o ?iro 

similar to the two Hrnm^onionl.s in Figure 130 whuOi guvo equivocal re.su 1 1«, l}ut 
they have 11 lights rather than B light h. For the n'sults, see loxt. (Afl.or Warrick, 

1947) 



Pig. 141. Apparatus for stud.ving roalisni in control moveincnt. The spot on tlie 
QKcilloseopo can be niovod m f.\vo dimensions, up and down and side to side. The 
horizontal and vertical control knoijs can he so connected to the oscilloscope tlmt 
cither one moves ihe spot in (dthta* direction. The problem switclios are usoil to 
time tiic ending of each mljuslmont of the respective controls. (After Carter aiul 

Murray, 1D47) 
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this study was iu sec wlmt plane the control should move in to give the 
best results with an indicator moving in a given plane. You can sec 
the aj)])aratus for the study in Figure 141. It consisted of one rotary 
control with its shaft in tlic perpendicular j)lane, another rotary control 
with its shaft in the horizontal plane parallel to the face of the (li.^i)lay, 
and a display tube consisting of a catliodc-ruy tube with a spot on it. 
The operator's problem in the experiment was to control a spot on the 
tube face whicli initially was always off center and to briiig the spot 
back to the center of the hair lines by rotating one or the other of the 
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Fio. 142. Tiie relationships l)ot\voon inovomoiits of ktiobs and movemont of spot 
on os(‘il lose ope. The diagram represents the relationships in the apiairatus and 
experiment slmwn in Figure 141. These fo\ir relationsliii)s and their oi)pQsites were 

studied experimentally to see which ones were most natural for the operator. 

controls. One control always affected one dimension of movement of 
the spot, and the other control always moved the spot in the other 
tlimcnsion. 

If yon stop and think a minute, you wull sec that there are eight dif- 
fei'ent coin hi nations of cont?’ol jnoveinent and display mowcinont. Four 
oom])iimtions are exactly the reverse of the otliers in direction of 
movement^ and so let us consider only four combinations. These are 
shown in Figure 142, In two of these conditions, the axis of the control 
is perpendicular to tlic plane of movement of the display, or, put an- 
other way, the plane of rotation of the control is parallel to the plane 
of display movement. In two of these conditions the plane is reversoil 

The 2 'esuUs of this study jnay bo considered in two ]>arts; plane of 
movement, and direction of rotation. Clearest of all was the'8U]mri- 
ority of relationships A and B over relationslups C and D. In other 
words, the relationships depicted in the top part of Figure 142 were 
better than those in the bottom part. The time taken to solve the 
problem — get the spot back on the cross- liairs — ^^vas smaller, and the 
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luimbev of false starts (moving spot m wrong dircetiouj was smaller, 
TJie I'csulis on direction of movement were also conclusive. They 
sjjowcci that the dii'cetitwt of iv/tation (d* the left control sluadd he clock' 
wise for lofl-to~righ|, inovenienl, and for the right control it shoidd 
he clo{‘kwis(' for upward !novcnK‘nt of tlie disi>hiys. In other words, 
the coiiihiiuitiun shown in the ui>iicr left-liund corner of l^igurc 142 is 
the host one. 


D1ST1NGIJ1811AB1L1T\' OK OUi\4hiOLS 

Now we conic to tlie third of the series of (piestions about tlio design 
of controls. This question is how we design them to make it easiest 
for the operator to tell tliC fli/fcrencc between them. 

In dealing with tasks to ))e carried out by human operators, it is 
well to use the slogan ‘'eveiy little hit helps,'' For a task may be rc4a- 
tivcly easy for ii highly trained operator and yet difficult for the novice. 
The task may i)e done easily under normal conditions and yet may 1)0 
diffienlt if the (iperator is put under stress. Kvery little facility can 
lielj) make the job faster, more accurate, and free" of infrequent but 
iuil)orhunt mistakes. 

One of the minor things, which is nevertludess an important prin-^ 
ci])le, is to do everything possible to make controls (listinguisluible, 
There are four general ways (d (hang that; (1) make controls obviously 
dilTerent in location, even when the operator is not looking at them, 
(2) make the eontrols dilferent in color, (3) make tliem different in 
size, arul (4) make them different in shape. All these arc psyijhological 
probleans for which we need data about tlie capacities of human oiier- 
a tors befoi'e wc can iiieorp(jrntc features of distinguisl lability into engi- 
neering design, Wc have some of the data; the rest must come from 
future research. 

Coding for location. Some of the facts already exist for co<ling con- 
trols according to location. They were presented in tlie last chapter 
under ^^positioning reactions.''^ Tliere we saw how well an operator 
coidd put his hand to the right location without looking. We discoV' 
ered that ability to distinguish locations, all at arm's reach, varied 
somewhat from one region to another, that uliout 0 to 8 indies separa' 
tion was necessary for the best areas and about twice this amount in 
the ])ooi'er regions. 

Color coding. Painting different controls in different colors is au' 
other obvious way of making controls more distinguishulilc. If a 
Control used for some nnrticiilar function always has the same color, 
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then it docs not nuiUer so much whether all macliines have this control 
in the same place. An operator could step up to a strange machine, or 
one oi“ dilferent design, and know j)reUy much what each control was 
for without any instruction or without reading the Ui!)els on the con- 
trols, Tliis statement is particularly true in such machines as airplanes 
which have a large number of controls and which must vaiy somewhat 
in design from one plane to another. Moreover, painting controls in 
different colors not only woiihl make eontrol.s more distinguisliahle but 
also might make them a little mure pleasing to the eye. 

Despite the fact that color coding would bo an obvious ach^antage, 
there is relatively little research on the problem, and relatively little 
use has l)oen made of color coding of controls. One experiment by 
engineering psychologists in the Air Forces showed clearly that color 
coding of controls helps operators learn a now set of controls more 
easily and operate controls correctly even wljcn they are cijnsiderubly 
changed in ]K)siii()n. Other practical ajDjdications to controls of indus- 
trial machines could be tried and their effects on performance meas- 
ured. Moreover, it would be very helpful, if we know how many dif- 
ferent colors most people can tell apart, and how many different colors 
can be used without making the job too complicated. It is conceiv- 
able, for examine, that four or five basic colons would be the optimal 
number of colors for color (*oding and that such a large number as 10 
or 12 colors would be too many for most operators to keep in mind and 
use clfectivcly. C)nly systematic research on this i>roblcjn, however, 
can tell us hpw to use color coding of controls most effectively. 

Size coding. We could also, of course, make controls distinguish able 
by using different sizes. If the size of a control were different foi* dif- 
ferent control functions, the ojierator could tell the controls aj)art 
visually as well as by their feel. At the present time, there arc no 
standard rules for coding controls according to size, and a deliberate 
size coding has not been introduced in most control -design i)roblems. 
AVc have, however, recently acqiiirctl tlic basic data from whicli we 
might proceed to use size coding of controls. Tliey arc })resentod in 
Figures J43 and 144. 

In the first of these illustrations, we see a Weber fraction Al/I (see 
p. 316) for size cl is crimination. The curves for two exi’)oriiueuis are 
put on the same graph. In one of tliem, subjects had two vertical 
plates which could be adjusted for separation, and they changed the 
distance until they thought it matched another set of standard plates. 
By getting a lot of judgments at a lot of different distances of sepaj’a- 
tion, it was easy for the experimenter to work out percentage error 
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aD/D for different distances. Notice, too, in tliis experiment tliat 
two difterciifc ways of gra.sj>ing fJie knob.x wore stutiied; One waj' was 
the natural grasp ii.sing; all fingers, and the other used just the thunih 
and middle finger in niakiiig the judgments. The second cxjieriment 
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Distance in inches 

Fin. 143. l>inc^mUlil^)iU^y of knobs 
nncl plutos. In plato disfiiiniiiation, 
subjects adjust.ofl the tUstance of two 
plates until they scorned to bo the 
same flistance apart as (,wo otticr 
plates. In tlio knob ('xpcriinoiils, sub- 
jects were gi\'on two knobs and asked 
whetlu^r they woro same or dilTerent. 
You can see that llio'fesulls of the 
two different c xp c rjinenta am about 
the same and also that the kind of 
grasp makes some. dilTereiice hi the 
discrirnmatioin The ubeiTunt point at 
2.5 inches for knob discrimination re- 
mains imexpl allied. (After Williams, 
unpublished) 


used a lol of knobs of (lifferoiii 
sizes. One knob was the stand- 
ard, and the subject jud^cMi 
whether another knob was Mic 
same or different tluin the stand- 
ard. The data for the two ex- 
periments are in Figure 143. 

Tliose are the basic data for 
discrimination of size. Tlie next 
ste]) is to translate them into 
values for coding knobs or dis- 
tances, according to size. To do 
that, we should first make a dis- 
tinction between two possible 
ways of coding according to size. 
One is in Icrins of relative size. 
The operator in handling controls 
feels first one control and then 
anoUier, making a relalivc judg- 
Dicnt of the size of tiic controls. 
The other possible way of coding 
is in terms of absolute size. In 
this case, the operator would 
reach for what lie tliouglit was the 
riglit co7itrol, but if it were the 
wrong size he would know iin me- 
diately . In other words, ho would 
be able to tell just by feeling one 
knob whether or not it was the 
right one. Obviottsly, absolute 
judgment is more difiiouU than rel- 


ative judgmont. So far we have not done the expiu'imonts necessary 
to give the answers for absolute judgment, and we will simply have 


to pass that by until we have the data. 


The relative discrimination data,*^ liowcvcr, given in Figure 143, are 


adequate for prescribing size coding wliercvcr the operaU)!’ makes a 


comparison of two or more knobs before deciding which one is the right 
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one* There arc several different ways of making the prescription. One 
simple way is shown in Figure 144 (derived from Figure 143} wlicre 
a graph is given for the separation or difference for knobs of ^^ariolls 
sizes to be discriminated 99 percent of tlie time. If, for example, one 
knob is 1 inch in diameter, a second knob must he 0.22 inch larger iji 
order to be discriminated. As another example, a knob must be about 
5.75 inches in onler to be discriminated from a knob 5 inches in di- 



Distance in inches 

Fz/v. 144. Tlic sepaivitioa iKiUvwn kaohs tlta/. \vc would use to hztv'o zii.^^z'rimiaaHoii 
99 out uf 100 iiiiirs. The curve Ls derived from the (lain in Figure M3 fur knobs. 
T[»e curve fcH^ you the iiumhev of niches diftorcnco in knoli hizc tliat we Hiionfd 
have to toll the diffovcnce 99 peveent of the tune. (After Williams, impuljlished) 

ainctcr. The figure, 99 percent, of course, is arbitrary. Figure 143 will 
let us work out curves for any level of con(ideno,(‘. If wc wanted to be 
sure of 100 percent discriiniiiaiinn, we would want to make all dif- 
ferences in Figure 144 somewhat larger than they arc represented there. 

Shape coding. The fourth way in which controls may be coded to 
give them greater distinguishabiliiy is to make them different in shape. 
But the question is how many shapes and what kinds of shapes are 
distinguishable. Fortunately, we have a rather good answer to that.® 

Look at Figure 145. There you see 22 difforent shapes — about all 
that anyone could dream up without getting into very peculiar and 
complicated shapes. These 22 different shapes were put on a circular 
boaid that could be swung around on its center to bring any shape of 
control knob in front of the operator. The opcnitor was bliiKlfolded 
and given one of the shapes to feel for 1 second. This was the correct 
shape. Tiien the turntable was swung around so that the operator 
would not know where the correct one was, and he was told io find it. 
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lie woiil along feeling one knob and then another until ho said he had 
found the coiToct knot). This gonernl i)roee(lm’e was used with 80 pilots 
of iUi) Army Air Force— people who have a lot of exiJcriencc with 
controls. 



Fio. 145. Twenty -two dilTiTcut slmj>Ois of kuolxs for sliuno coding of controls. 
These wei ‘0 the shapes ilmt oporatovs were nskecl to distinguish by Uuich to see 
whi(!h shapes arc best for shape coding. (After Jenkins, 1917) 


In Figure 146 you see the results. The table shows what shapes were 
confused with t)ther shui)es, and how many limes the confusions oc- 
curml. In the upper left-hand corner, you see eight shapes tluit were 
never confused with eaeti other. They are what the experiment was 
lookijig for, the knob .sj^apos tlnit are nover luistaJcen for 0210 anoilio*’, 
even when the operator is not looking and e^^en when the controls are 
not whore he ex])ects them. 

After these eight knobs had been selected — these were ^^Army knobs*' 
— some designers in tiie Navy submitted three more knobs ^ that they 
thought might be good ones to use (sec Figure 147). So a follow-up 
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study was made usiug the eight Army knGl)s and the three Navy knobs 
logetJier. Two knnl>s were preseJiLed in snreessinu to the o])cralors to 
see whether they would be confused or not Every knob was paired 



ranHiHHHQiiBBaHnHn 



Fin, 1^J6. ConfiLsions lUJioDg the 22 knoh Ihich bloek gives the auinbcn' 

of mistakes ma<lo helweon the particular pair of shapes. Notice that there arc 
oiglit shapes in the upper Icft'hand corner that were never confused witli each 
other. (After Jenkins, 1947) 

witli every other knob at some time in the experiment. In 1 ,9S0 eoin- 
pari sons ^ a total of nine errors were made, eight of them witli the three 
new *^Navy” knobs. It looked as iliough the 3 now knobs w^erc not 
C[uite so good as the other 8, but the number of errors was so small that 
all 11 of them could be considered rather good for coding controls ac- 
cording to shape. 


























Sllf. Controls for Human Use 

Color plus shape coding. Now \vc ought to nicniioii anotlier experi- 
mcnt on the value of sliapc coding of control knobs. This experi- 
ment was so cojui)licatocl tliat it would take several pages to explain 
exactly what was done. But here is the it lea: The operator had in front 
of him a gadget developed at the School of Aviation Medicine for meas- 
uring accuriicy and r('a<;iion time to complex signals. The gadget had 



Fio. 147. The 11 shapes that arc best for slmpo coding of controls. Eight of 
th<‘se come from the Army Air Foire study with 22 sliupcs, uiid ^ conic from a 
similar study by naval personnel and wen' lal('r (*ompar('d with the 8 ^‘Air Force 
knobs.” (After Jenkins, 1047) 


on it four lights, arranged in a square (see Figui^e 148) . A pair of lights 
on one side of the array would be flashed on— there were four different 
pairs, up, down, left, and right — and the particular pair could be made 
to go off by pulling the correct control. There were four controls, one 
for each pair. The operator could be scored ou whether or not he 
pulled the right control and how long it took him to do it. In the dif- 
ferent experiments, changes were made in the controls. Sometimes 
they were coded according to color, sometimes according to shape, and 
sometimes the jxisition of the controls in the control box was moved 
from one place to another in the course of the experiment. 

To make a long story short, it proverl to ho a very good idea to code 



Control Forces 


315 


the cuntrols in both «hapc and color. With s\ich coding, the operators 
made fewer erroj’s by using the wrong eontix)! and, in general, were 
considerably faster. Moreover, when the coded controls were moved in 
relative position, the operators could go right on making accxirate, cor- 
rect responses. Without the coding, they ha<l to learn all over again 
which control was the correct one for the correct pair of lights. This 
was a laboratory experimont, but it was a very realistic one. It deiii- 



Fia. MS. Apparatus used to study value of coding confrols by stapn and color. 
Tlie liglils cuine on in pairs. For each of four pairs of lights, there is a control 
wiiich will turn tliexn olT, Thr* iiosiiion of tlie coiitro! can bo cliangcd; so can tlie 
shapes and colors of the controls. (After Wtdlz, 1947) 

onsirates that o]>craiors arc aided materially by coding of controls, and 
moreover, it makes their using the correct controls easy even if these 
controls put in very diirerent positions frozn one machine or cocki>it 
to another. 

CONTROL FORCES 

We have talked so far about the selection of controls, realism in the 
operation of controls, and the distinguishahility of controls. Now we 
come to a fourth question wliich faces the engineering psychologist 
wlien he trios to design controls for human use. What shall the control 
forces be? Or, j}ut another way, how inucli effort must the ojierator 
exert to operate the control? This, too, is a psyohologica! question. To 
answer it for every type of control and for every pui'pose is more iJian 
wc can do at present, because we do not have all the research necessary. 
There arc, however, some general principles which come out of what 
wc already know, and there arc some examples of how to find out 
about control forces. 
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In dealing with the (luestioii of control forces, there are usually three 
different values we would like to know for a particular cuiitrtjl. One 
is the maximum control jorcCy the greatest force that an operator can 
exert under any and all conditions of using the control. On the other 
end of the scale, wc arc interested in minimum control force. This is 
not a nuitter of physical exertion but rather of t)sych()physical dis- 
crimination, as we shall see in a minute. Then, thirdly, tlierc usually 
is an optimum control forcGy some value in l)etwe<‘n the mini mum and 
inaxiinuin forces, which gives the ))est performance. We shall take up 
each c)f these three concepts in turn. 

Minimum forces. There arc several things which limit the minimum 
force that must be applied to a control For one thing, every control 
has some friction. Engineers can often reduce the friction consider- 
ably but can never eliminate it entirely. At the other extreme is the 
fact that an opei‘ainr usually has some minimum force that can be 
applied. For example, when the feet live just resting on the rudder 
bar in an aircraft thei'c is about 6 or 7 pounds of force oxi'rlcd. Con- 
trols must have enough count erf orcc or friction to overcome the force 
of the foot or h'and simply resting on the control Third, in many con- 
trols, th(M’o must be some minimum force to give the control ‘Teel’ — as 
the aviators say. If small movemcMits of the (.'oiitrol arc necessary to 
make the proper adjustments of the control, some huTC must ho over- 
come; otherwise the (iperator has no ‘Tcer* of how far he is moving it. 
He cannot tell by fe(‘l wluither he has moved it the right amo\mt. 

This matter of feel is always important. It is pai'i.icularly important 
in flying aircraft, for it is ])art of the ability of a pilot to “fly Ijy the 
scat of his panls/^ Being able to tell by “feel" how far he has inovecl his 
control is a muti.er of the (>|)craior^s discrimination of pressure, his 
ability to judge how mucli'moveiueni. be has mndo. Such pressure- 
discrimination ability is like other abilities to cliscriminute, such as 
visual and auditory disorimination. 

There is a general function Mdiicli psychologists have found to be 
rather universal in all such discriminations. Tluiy call it the ^Vebor, 
function after Mio early j)sychophysicist who first studied .such things. 
A graph of this function always shows the reUtive dirfercnce threshold 
on the oi'dinato and the intensity I of stimulation on Lite abscissa. The 
relative difference threshold A/// is the smallest noticeable difference 
in stinndation divided by the intensity. A typical Weber function is 
seen in Figure IdO. As wc can see, the amount that can ho discrimi- 
nated in relative terms AZ/7 is fairly constant when the intensity of 
stimulation is great, but, when the intensity is small, the relative dis- 
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erimiuaticm is very poor — A/// is large. That is a general principle 
of all tliscriinination, and it applies as well to the forces we should 
Imve in our controls. 

Actually Figure 149 is the result of an experiment^ with control 
forces in the stick of a (inoek-iip) airplane. The force on the stick was 
experinien tally varied from very large values to very small ones. Tlio 
oi)erat()Vs pulled the stick out to some particular pressure, say 20 



0 10 20 30 40 

Pfessiire in pounds 


Fig. 149. The Web(‘r fnidion for contiol hjices in airplane con I, rota. The stun dun I 
deviation of the citov.s in making sctlin^s of conirok is divided l)y lh(' slandunl 
force to Piet tlie fmctioii. The fraction tchs us the n7lativ<?, or pcr<'entaf((’, error 
of dis(*riminatinn. Kotice that this relative error is high for small values of the 
standard and gradualh^ decreases as Uie control forces are incrcase<l. This shape 
of fimcti()n is l.yi)ical of all Wehcr f rue (.ions for Inunan sensory discrimination. 
Notice iiow iK'arly alike are the tliroe difierent types of <*ojih’oi.s: fhe riaitlcr- 
pedal, Uic stick-type, and the wheel-type controls. (AfUa* Jenkins, 1947) 

pounds and were told that that was the correct pressure. They were 
then asked to reproiluce it. When llu^y thought they had done so, they 
were told how far off they were and allowed to try again. By this 
method, tlie ability of the oporator.s to reproduce any desired pressure 
could be measured. How far off they were (‘ould be measured for sev- 
eral different pressures. The error was p\it in terms of standard devi- 
ations (sec Chapter 2) and plotted as we sec it. 

Tlie function is fairly flat above 10 pounds; in general, the standard 
deviation is about 8 percent of the standard pressure. With foi‘ces 
below 10 pounds, liowcver, the relative standard deviation goes up 
toward a value of 25 to 35 percent. Translated into practical terms, 
this means that with forces bedow 10 pounds ability to adjust a control 
IS poorer than with forces of more than 10 ])oiinds. 
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Understand, of course, that these data apply to only one ty])e of 
control — the stick that is used in an air]>lane. The i'nnclion \vc get, 
in fact, depends on liow far the stick is luvay from the body, the height 
of the scat from the floor, and such other variables as affect the force 
that a man exerts or can exert Weber functions for the use of a wheel- 
ty{)e control and of the riiddcr-ty}>c control arc very similar to that 
for stick controls. For these conditions, in fact, the same curve eould 
be uscfl for all tbree. But we need such curves for oilier types of con- 
trols: throttle-type, levers of various sorts, accel(;nitor-typo, and liancl- 
wliec! controls. With tliein wo would know the jniiuinuin forces we 
can nsc. 

There are, of course, other criteria for minimum control forces. Some 
typos of controls must lie used continuously at high speed, such as 
cranks and some hamkvheels. These raise tlie question of speed of 
))orforinancc\ For example, wlien an operator must crank as fast as 
ho can, how is his spec{l affected by the control force? To that specific 
(jneslioii wc have an answer. In the study of cranking, cited in the 
previous clini)ter, the elVeet of lt)ad (force to he overcome) on maximum 
cranking rate was irieasured. As one might imagine, almost ai^y drag 
at all ]>vevcnts a maximum cranking rate. But a little load does not 
retard it very much. As the force to be overcome is increased, it has 
a more and more serious effect on maximum performance. The whole 
matter is suimnarized in Figure bSj in Oha)it.er 10 (}i, 280). 

Maximum control forces. The problem of the maximum forces that 
must be overcome is different from that of minimum fi)rces. Here the 
limiting factor is the greatest force that cun be exerted by the weakest 
person likely to operate a control. To find out how large a control 
force we can use, we need population studies of large mimliers (if in- 
dividuals. Then we can find out what values will !)e within (he limits 
of a large percentage of the population. There is the dilhcult problem, 
too, that inaxinnim control force depends on such factors as: what 
kind of control one is talking about; what part of tlic body, whether 
hands, arms, or legs, is being used to operate the control; what position 
that part v\ in when operating the control; what the general posture 
of the body is, whether it is supported by buck rests and so on. ' 

Putting together these two astiects of the problem, we come to tlic 
conclusion that we need population studies using large numbers of 
people to determine the maximum force they can exert with different 
members of their bodies in different positions. We could tlien get a 
very largo numbej* of curves showing the pormiUigc of the {K)pul/ition 
that can exert a particular force in each situation. 
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Sucli population data are available only for a few cases of control 
forces. One of these is the force tliat is exerted in a handgri]) con- 
The measures were made on a dynamometer in which the in- 
dividual scpicezcd two bars just as luml as lie could with one hand. 
The result is seen in Figure 150. There you see that 90 percent of the 
population (young men) can exert less than 158 pounds in their right 
hand grip, and 10 percent can exert less than 113 pounds. The left 
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Fia. 150. The forces i>coplo enn exert hi hand grip. I’he curves me a (?cuin illative 
incidciiee curves. Tlnw tell ns what, pDreentage of the ijopulalion can exert, h'ss 
force tlniii any particular iiuinl>er of pounds. They show too tlmt, on tho average, 
the left hand is about 10 pounds weaker than tho right hand. This graph is an 
example of tho kind of population data needed for otiier sorts of control forces. 

(After Clarke, 1945) 

hand, in general* runs about 10 pounds weaker. '^Plie maximum force 
tliat could be required in a hand-grip control, therefore, and would 
accommodate 90 percent of the population would bo 113 pounds. One 
liundred ])ouiids wmdcl Ije bettor, for it would include about 95 percent 
of tho population. 

Tlmt is about all we have in population studies of maxinuiin force 
that can be exerted on dift'erent controls. There arc several studies 
using one or a few subjects — wiio may or may not be rei)rcsentativc 
of the general ])opuiation. Tn fact, the control- force ineasuroments 
used by the Civil Aeronautics Board as the basis for specific atiems of 
control forces in ]^lanes are based on studies of two pilots. We do not 
know how well they represent the population of pilots. Bub let us sec 
what kind of data they present.'^ 

Take stick control forces. The stick is moved forward and back- 
ward in a plane to move the elevators. These arc the major means 
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(if controlling climb or descent of the piano. Thus, Uie forward and 
backward stick forces arc called elevator cont.i’ol forces. The stick 
is moved from one side to anotlier to operate the ailerons, wliieh in 
turn effect the turn of the plane. Thus we speak of aileron control 
foJX'OS. 

Both sets of forces vary considerably with the ])osition of the stick. 
Using the weaker of the two i)ilots employed in the UATi study, wc can 



]*'(a 151. Maxiniuui cx('r(al»le olcviiinr fom's for Uio wcnln'r of iwo pilots. 
Klevalor forties art’^ push-pull forecH cX(3rtofl backwunl or forward on the pilot/s 
stick. Th(‘ Iwo tipper f*iir\'o.s arc for the favorable po.siUons of liie stick — one for 
pull and th(» otiior for piisii — and !l»o lower iwo (iurves are for tlui most unfavor- 
id)le lah'ial positions of l.lu* stick. (After Orliiusky, UMO, haaed on data of 
Goujih and Heard, 19St») 

see what the mnxiimnu forces are for elevator control. In Figure 151 
you see that the force that can be exerted varies from about 30 to over 
160 pounds. Tlte greatest force is for pull ratlicr than push — which 
you luiglit guess. The forces are greal.ost when the si,ick is far from 
the body and least wlion it is close to the Inaly. Althougli Figure 151 
docs iu>t show it, tlie maximum exortablc force also depends on whether 
the stick is in a center ])osition or lateral to the left or 3 ‘ight. The 
center position gives tJic liighcst control force, iljo rigljt position (for 
tlic right hand) gives the poorest amount, and the left position gives 
a value in between. 

Again, using data from the weaker of two pilots, wc can see the 
picture fur loftr-right control forces in using the airidanc slick — in 
brief, the aileron forces. Figure 152 shows that these forces vary from 
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about 30 to 60 jioundi?. The amount of force that eau be exerted 
varies witli the ])osition of the stick. There is a position a little 
toward the left where the excitable force is maximum. In genera!, too, 
the nmxiimun exertahle force k greatest when the stick is fairly close 
to the body. 

Since the data arc available, we can liricfly consider the maximum 
excitable forces on rudder con- 
trols. The situation is the same 
here. We do not have jiupulation 
data but only tliose for a couple 
of pilots. Tiie results are shown 
in Tigiu'e 153. You can see that 
the maximum rudder control force 
varies between about 100 and over 
^00 pounds. It is greatest in the 
central position witli tlie cross 
liars parallel to the operator. It 
dejionds (considerably, too, as has 
been found in many studies, on 
the height of the rudder bar. If 
the bar is too low, the maximum 
force drops considerably; the high- 
est values for nmxinnnn exertable 
force arc found wlicn the rudder 
bar is at a reasonable height, 
about 6 incliGs below the lieight 
of tlie seat. 

Opthnum control forces. Obvi- 
ously, whenever tlie control forc^cs 
exceed the amount an operator 
can exert, the effect is bfid. Also 
in many situatiims, to have no 
control force at all is bad, for it gives the operator nothing to “feel/’ 
nothing to i[se as a clue to how he is operating the control. Thus, for 
most controls, there must be some optimum control force. There is 
practically no research on any type of control that tells us what the 
optimum control forces are. 

In the case of tlie airj^lanc stick, an attempt has been made to work 
out the “control-force curve’^ for the airplane stick. The recom- 
mended optimum stick- force displacement curve is shown in Figui^e 
154. The first leg of the curve A represents a relatively large increase 



Fia. 152. Muxiirnmi (‘Xrrfii[>le ri)n'(?.s in 
tho latorul for the weaker of 

two pilots. The throe ourvG.s show 
maxim un> force oxcJte<| JatoraJly with 
the stick at three dift’oront distances 
from tile back of the seat. The dotted 
area ropvesciits present NACA speeifi- 
eations for 11 lo limit of force that may 
ho reqiiirod and the limit of la tent I 
distance lliai the stick may ho moved. 
(Aflcr Oihinsky, IPh), liusod on data 
of Clongh and hearth 1030) 
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in force for a small (lisplaceinciU of the stick. This is intended to 
|n*ovide a neutral point for the stick, sonic point tliat has practically 
no force in keep it in a ncniral position. But this sliapc of leg also 
i.akcs account of the fact that ability to discriminate forces is very 
poor at relalivoly low force values, and the steep slope temls to coin- 
peiisatc for the ()i>erator’s relatively poor <liscriniiuation. Leg B has 
less slope — tlio increase in force with stick (lisi)iaccmeiit is small. Tliis 
is the part of tlie curve (sec Figure 149) wliere force discrimination 



Distance from back of seat 

Fio, 1/53. Maxijiiujji <'onln)l forces (pounds) on rudder control for llu' WM'ukcr of 
two pilots. Notice Hint Mi(‘ forci* <I(‘pcads liolh on tlu^ distiuice of the rudder 
from the hack of the JS’eat (inchc.s) and on I he hdghf of t)i(» nnhh»r witli rc.spect 
to the sent. licst com li lion is at 35 inciics from buck of tiio seat wlu'ii the 

rxiddor 'm nhout 6 inches below the seat. More data of this typo on n larger 
population of operators would be very desirable. (Aflor Gough and Beard, 1936) 

on the part of the operator is maximal. Thus, the amount of disidacc- 
ment for a given ehaiige in force can he large. The third leg» the one 
\vhich moans another considerable increase in force for stick displace- 
ment is the '‘danger” region. It is the region whe?*c the of>Graior is 
reaching his maxinuun exortablc force, and also it is the i)oint wlicrc 
the forces on the plane are reaching a serious proportion. The great 
incroase in force for extreme di.splacemcnts warns the operator, there- 
fore, that both his own limit and the limit of the plane are approach- 
ing. 

This is an example of how some basic data on control forces can be 
used to work out recommendations for the design of control for(;cs. 
While wc are on this subject, let ns recall the experiments on cranking 
which we discussed in Chapter 10 (pp. 285-287). In those experi- 
ments, one point studied was the drag or force to be overcome in 
cranking. The conclusion reached was that any load put on the crank 
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would keep one from cranking at one’s best speed. It is particularly^ 
harmful when the radius of the crank is small. If you luivc forgotten 
the experiment, turn back to Figure 
131, where the results are summarized* 

CONTROL RATIOS 

By this time we have dealt with 
four aspects of the engineering psy- 
chology of controls: the selection of 
controls, realism and naturalness in 
controls, distingiiisliability of controls, 
and control forces. Wliat we have 
said ought to make it clear that the 
design of controls has its psycho- 
logical problems, even if there are 
many questions we cannot answer 
yet. 

There is another general aspect of 
the design of controls which also has 
its psychological angles. Tliat is con- 
trol .p’atio^^the ratio between the di- 
* ‘‘mensidhs of movement of the control 
and those of the thing controlled, say, 
an indicator. What wc arc saying is 
that oven the gear ratios winch are 
selected to go with a ctmtrol ouglit to 
1)0 determined from the human point 
of view. 

Actually there is mucli more to the problem of control ratios than 
the gear ratio alone. The gear movement determines how much of 
the movement of the control is translated into movement of tlic indi- 
cator or the machine — or whatever is eoni.rolled. But gejiv ratio is 
only one factor in control ratio. Another is the size of the control. 
If wc are talking about a rotary control, say, a knob wliich is rotated, 
then the size of the knob enters into the problem. If the knob is big, 
more movemcni- of the circumference of the knob is refpnred for a 
given mimbt'r of degrees of rotation of the shaft bluin if the knob is 
sjnnll, Bo Llie size of Mie knob, quite aside from tlic question ()f coding 
the control for distingiiisliability, which we discussed earlier in the 



Pig. 15‘1. An idealized stick-force 
dia grain, ^^onc A is the region in 
wliit'ii (liKcriminatian is poorest but 
is iniiiortimt for solf-coidering of 
the stick. Zone is Iho region in 
wliieh cliscriniiiiation is Ix'si and is 
usi'd in maneuvering plane. Zone 
C is also an area of good discrimi- 
nation but a region of danger to 
piano and pilot, — thus tlic increased 
foreo for warning the pilot. Nu- 
merical valiK'S are not given for 
the <'Oordinu(<*s hceauso thej^ vary 
with a number of condilions — tliia 
IS an idealized diagram. (After 
Orliinsky, UM9) 
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chapter, is somethini^ io consider- If tlie eotitrnl were a joystick, as 
in an aircraft, tlic length of the joystick would (Iciermine the control 
ratio, as well as any other gears that might translate the joystick 
iuovem(!nt inl.o action. Or in steering a car or tracking witii a Iiand- 
whec‘1 the size of the wlioel is part of the system relating llie operator’s 
2novo7nent h> llio /ina) jjiovtjnienfc Hint msulis. In addition to size of 
control, thcM’e arc, as wo shall sec, other factors that deternune the 
efTiciency of a control ratio from the operator’s point of view. 

(fear ratio, There are many i>syehological exi>eriments on control 
ratios that can he done and need to ho done. Several are planned or 
are in progress in iiidcrent ]al)oratorics in tiio Unite(t States. So far, 
however, there is only one extensive experiment which deserves very 
much attention Ijcj’e.* TIjjs ex]>erjmont has been done recently by the 
Lehigh University psychologists. Some of the results are fairl}'’ dra- 
matic anil illustrate very well how s\ich experiments can help us 
design controls ® 

Tlie experiineni used a laboratory-built apparatus which wonhl ])er- 
init systematic change of a tiuiriher of factors. The (operator had in 
front of him an indicator in whitdi the iminler moved back and forth 
and could bo bnmgiit io rest in line with a target line above, tlu' 
pointer, lie had a km)l> whicti he could turn to move tlie pointen*. 
The gear ratio of knob inov(?inent to pointer movement could 1)0 varied 
over a wide range from a lx in t 0.1 (,o 88 inches of pointer movement per 
revolution of the knob, TIuj diameter of (ho control knob could be 
varied from ]{* to 4 inches. The criterion of /iccuracy could bo 
changed from 0.002 to 0,020 inch tolerance. In any particular experi- 
ment, the ()i)crator was given an indicator setting tlmi was otf tlie 
mark and a signal to start, after which he turned the control to get 
the indicator on tlie mark. Wlion he achieved the accuracy of sotting 
desired ho got a signal telling him so. A rccortiing system measured 
the operator’s movements and the time required to make them. 

The records for i})i.s sort of La.sk are like Lho,so in .so 2 )ie of ilje other 
experiments we described earlier. There was an initial lag after the 
starting signal before the operator began moving the control. This 
time is ttie reaction lime or starlinci time — either name will do. Next, 
there was a large movement of the control to bring tlie pointer near 
the target mark. This is the primary inovcnionfc time or travel time; 
both names will do, l)ut the Leliigh psychologists called the time for 
this big movement the trarel time, Tinally, there was a series of 
small adjusting movements to line the pointer up \\n{]\ the target mark. 
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TJiis r(unparal)Jo to the sc C(»od ary niovomont in tracking niir] posi- 
tional-movement studies, Tlic time required to make these move- 
ments is called the adjusting time. 

Now wc can proceofl to the actual exi)ori menial results. First, con- 
sider the (lueslion of gear ratio. Tn Figure 155, wo sec a sample set of 
results. They cannot he taken as gospel truth, for tliey are not based 
on a large number of nb.servcrs, but they do sliow the kinfl of results 
that have been obtained rej)eatcdly with ilifforent o])craturs. 



0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0 50.0 

Inches of pointer movement/revofutions of knob 

Fia. 166. Tho iiino for setting indicators with iliffrront control riitius. Times are 
(livhh'd inlo three i>iu'ts: the reaction time or slarliiig time, the time of travel to 
got the point, or in l.lio vicinity of the (iirget, and the lime for adjusting pointer 
{U'curatoly on tho .stnrl,. Nolo that there is an opiimuiii at 1 to 2 inches of pointer 
movement for each revolution of tlie kiioh, (After Jenkins and Conuoij M)10) 

Note that the startmg time (reaction time) remains relatively con- 
stant,, regardless of the gear ratio. That is just as wc would expect. 
Notice, too, that travel time is very slow when a very small ratio is 
om]>}oycfl — the o]7e2\afcor has to make jnany turns of tlic knob to get 
the desired movement of the pointer — ^but decreases vapidly as tbe 
ratio is increased. From this curve, you can see that a ratio greater 
tlian 2 giv(‘s relutively constant minimum travel time. On the other 
hand, see what happens to tho adjusting time as the ratio is increased. 
As the ratio goes up and there is more and more movement of the 
pointer for u turn of the control knob, the time taken tf) reach a given 
cj’iterion incJ*ease.s vtM-y ra])idly. In a word, then, hicroasing the ratio 
is good for cutting down travel time, but it greatly increases adjust- 
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ing time, and vice versa. Now put the two factors togclher, and it is 
clear that there is an optimum at about a ratio of 1.2. At this value 
tlie travel time is practically minimum, and so also is the adjusting 
(imc. At this value, it takes far less time to eontrol the indicator tlian 
with any larger or smaller value. 

Control size, Tlic size of the control is also a factor in control ratio 
determining the relationship between the movement of the control and 
the movement of the indicator, In Figure 150, you see that control 



1 [ I 1 1 1 L_wJ 

0 0.5 1.0 h5 2.0 2.5 3.0 3.5 4.0 

Knob diameter in inches 


Fin, ITif). Knob sizo and l.inu* for nuikinp; wlu'ii opi.iimiin an<l Ihgh control 

ratios aro usocl. Wo s(m» ilutl poilormiinct' gels soMM^what l)oltoi* with increasing 

lamb (liainolcr up to about 2 or 2,5 inrlies. (After Jenkins and Connor, 1949) 

size makes a difference i,no in the efficiency of the control task. In 
these c.Ki^eriments, nioaanrcmcnts of different gear ratios arc lumped 
into two grotips. One group includes ratios of 1 to 2 inches of pointer 
movement per revolution of control. This ratio is lal)eled the optimum 
ratio. The other includes ratios of 3 to 6 inches of movement per 
revolution. This is called the higii ratio in Figure 156. If we use a 
small size of control, it takes longei* to got the pointer on the mark 
than if wc use a larger one. The difference is much more marked for 
the high ratios than for the optimum ratios. In either case, it is a 
good idea to use a control knob with a dinmeier of about 2 inches or 
more. 

Tolemnves. Tlu'rc arc some more points to l)o brought out by these 
experiments. One concerns the tolerance allowed an operator in con- 
trolling the position of an indicator. As you miglit expect, tlie travel 
time to gel Ihe pointer in tlie vieiiiity of the target mark is not par- 
ticularly affected, and we have not sliown it in the gra|)h of Figure 
157. On the other hand, the adjusting time is of considerable impor- 
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tance. If tlie tolerance is very small, the adjusting time becomes very 
long, but, above a certain point — -in this experiment, about 0.01 inch — 
the tolerance allowed makes no diiloronce in acljnsting time, if the 
optimum control ratio is used. Of course, the particular curves that 
wc get in an experiment of this sort depend on a lot of things, includ- 
ing the size of the pointer and the distance of tlic (ibserver from the 
mdicator. The results therefore cannot be a])pliod generally to other 



0 0.004 0.008 0,012 0.016 0.020 

Tolerance in inches 


Fio. 157. Tlui in fl IK' nee of tolerance of adjuslment on sjieed of adjustiiii^ pointer. 
There is no efTeet on stnrtiuK time or travel time. Wc .sec; l.hat tolerance makes 
quite a (HtTeronce— more for high ratios than fur optimum ratios. (After Jenkins 

and Connor, 1949) 

situations, but they do show that it is worth making such measure- 
ments to find out what the optimum and allowable t()leraiices are. 

M 2 iscle actio?! potentials. In fclie beginning of thi« ehaj>ter, we said 
that there had been a lot of research using electrical methods of re- 
cording the movement of muscles. In that sort of w^ork, the electrical 
changes coming from the muscles are recorded on a meter and corre- 
lated with other aspects of the movement in which we may be inter- 
ested. Sometimes tlie potential changes correlate very well ivitl) other 
ways of measuring the performance of the operator. In these experi- 
ments on control ratios, sucli potential measurements have been made 
and give about the same results as measuring the amount of time 
taken to get on target. 

As an examjile of the kind of agreement that wc can gel, you see in 
Figure 158 two curves for various control ratios. One curve on the 
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loft is of tlic total time taken to make complete tlic task, Tliis shows 
ilic oi)timum jKiint about 2 which was shown in the earlier illuRirations. 
Oa the I'iftlit is a curve of potential incasitrenionts on the same (»ptT- 
ator for tlic same set of tasks. The alisolute values of llio curve are 
of 1)0 iinfxirtaaco borauso tlic motor can always be ealil>rateil in any 
way desired. The sliape of the curveS; however, is import ant. And 
you sec that tlio shape of the potential curve is just about the same 

Control ratio (in,/f'<2V) 



0.3 1.0 3.0 10.0 30,0 

Control ratio (in./rov) 


FiO. 158. An cxani]>lc of agrcMancnlr of two difforent monsuros of tho effort of 
conti'oJ ratios. Tho carv^o*? are for one mihjccl. nnd arc not ncrowru’ily ropn'?!enhi- 
tivc of tho general i)oinilation. In general, however, the size of inusclo ueliun 
potentials rorro.sponcis with the time (st.art to finish) for soiling an indioalor on 
the proper scale ])osition. (After th'nkins and Connor, lO'IO) 

as that in ilie time-measure curves. Thus, in tJiis iypt^ i^f oxpeimuoit; 
it would not make much difference witether tine used a measiirGmcnt 
of time or of muscle imtentials. I'he general results would be about 
the same. 

SUMMARY 

Now, a look backward at this chapter will be helpful in getting an 
ovcmil picture of controls for Iiuinaii use. 

People do make errors in using controls, T^hey may not make them 
often, but, ivhon tliey do, tlio I’O.sults can be serious. We bavtj seen 
some of tiic kinds of errors that pilots make and some of tlio things 
that can be done to eliminate errors. 
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There are many things we can do, not only to eliminate errors, 
but also to reduce time and inefficiency in using controls. We can make 
sure to select the type of control approj:)riate to the task. Wc can 
make tlic type of control and its operation psychologically realistic 
by running tlic appropriate tests and experiments. Tlicn, too, controls 
can be coded hy j^^ositioii; size, shapc; or color to make them innch 
more distinguishable. Even control forces arc important, for they 
should be adjusted, not only to the force that people can exert, lait 
also for tlio values at w])icli poo]>]c arc Ijest in discriini])ating forces. 
And, finally, remarkable increases in efficiency can come from getting 
the right ratios between control movement and indicator movement. 
These are just the higli lights of the subject of controls for linman 
use. There arc many factors that enter into particular practical prob- 
lems. Further research will certainly tell us a lot more than we know 
no\v. 
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The Arrtingenieiit 

of \yorh 


IN THE LAST CHAPTER WE TALKED AB0U1' INDlVJDtTAL CONTROLS — JIOW 

to sdcct them, liow to distinguisli them, how to turn them, how iimch 
force to aj)idy to them, and bow to j>ick out good control ratios. Tlicj’c 
is more to say about controls in this chapter, but our aj^proacli is 
different. Here tlio main tbcjnc is )iow to nmkc ouv work more elToc- 
tivc. This includes such topics as how to group controls and how to 
work out sequences of operation for controls. But it also infdudrs a 
lot of other things like posture, comfort, seats, heights of work tables, 
and so on. So wo are goiiig to start tlio chapter off on a difforent note. 
AVo shall begin with the problem of how to carry a load, proceed to 
tlie (piestion of comfortable seats, and t)ie2i to the ai’cas in udiieli con- 
trols should be placed, and consider at the end some general problems 
of arranging complicated operations involving se^^ml men and sev- 
eral machines cooperating together. 

A general word of cautiozr and apology is necessary hefoz’e we begin. 
Most but not all of the points made in this chapter come frcun com- 
mon sense and industrial experience rather than from controlled scien- 
tific experiment. This is particularly true of the niotion-and-timc 
principles which we discuss. They liave grown up through industrial 
experience and have not in most cases been tested for their vali<liby 
by specific experiments. These practical principles nevertheless arc 
the best we have at the present time, and we shall therefore talk about 
them. 

SOME PRINCIPLES OF WORK 

As something of a teaching device, we shall talk about principles. 
Tlie principles to be described come from all sorts of ])laccs. Some 
have been the result of the efforts of motion-and-tiine engineers, some 
come from psychological experimenting, some from anthropological 
studies of human build, and some are just plain common sense. We 
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Fig. 159. Eiglit difYc^renl, ways (o cany fi load, and oroct posl.uro wiLlioiii- a load. 
Thoso ways W(M'o cotiiparud foi* in an (^xporiinoiit to do ton nino tho best 

way of eaiTying a load. Tlio Avlnlo liiK' in caoli figure, wIiollicM' front view or side 
view, is tl»c porpejnlitailar lino by wlii(*h \V(' can toll bow or(*(‘t or con (or ted the 
bod}’' is. Look in Figure* 100 to s(*o whie'h ways art? Ibo Ijcni. (lieprodin*od l>y 
l')erinissic>n of ilu* Coutrolb'v of [lis Bi'il.annic Majesly’s Sfationnry Oilice from 
F, M. Bcdiilo, Comparison of ilu* (‘nergy expeinlil-nn^ of Ji woman carrying 1 one Is 
in eight dill'ercnl i)osilions, ImluUr* JU’s, Bd,, 1924, No. 29, p, 27) 
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shall state the jn'ineiplcs in each case and wherever possible show 
how to apidy them. 

The PiiiNCiPEE OF Krectness 

About the simplest and yet tiic most burdensome work a man can 
do is to carry a load from one place to another. But simple or hard, 
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Load in pounds 


Pic, 100. The (41i(nrn<*y of tliff(.'r(>n(i wnyw of (‘iirrvin^ a load inojisurod by tho 
an u) uni of oxyjjji'n oonsiimocl, h'ach curvr .shows tho ai nouni of oxygon oon.suinod 
for each unit of work for loads of differoni weight. Tlio inunhor.s following ciu'h 
label refer to tho silhuuctios in Figure 159. Note that the yoke nndhful i.s 
dofinitcly the best.. Tho hip method is tho pnoro.st. The curves noi, shown for 
some of the mcihods lie between the ourv^os for the hip nioihod and the bundles 
inclhod, (After Bedalc, 1024) 

quite a bit of such work goes on all the time, and even for this woak- 
mind-strong-back soi*t of job there is a best way to work. This 
was esiablisliod in a very exhaustive study ^ of tlic physiological work 
done ill cariying loads in many different positions (see Figure 150) — 
in front with tlie hands, in front with shoulder straps, on the side with 
handles, on the head with the hands to steady the load, on one shoul- 
der, on one liip, in packs strapped to the back, in packs siispcnided 
down the l)ack from a ytikc worn on the shoulders. Of all these possi- 
ble ways, tlie primitive yoke inelliod is liy far tho best. It costs much 
loss ill enoi’gy expenditure and may bo maintained for longer periods 
of time (see Figure 160). 

It will holj) us to understand why the yoke method is the best 
method if wc note that it is the only method that lets the man keep a 
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perfectly ci’oct ]'>ostijre wliilc carrying the load. And it is also the 
method that distril)utcs tlie load over a relatively large area. (The 
head luctliod iicnnits erect postiirc) hut ])uts undue strain on tlui neck 
muscles.) This posture princiiile is injj)ortant, as we shall see, in all 
sorts of tusks performed hy humiiii beings, whether sitting or stjinding. 
That method is tiic best inetiu>d, oilier things being eijunl, tiiat jicrinits 
a man to keep a ])crfcotly erect posture from head lo liips, 

PuiNOipLES OF Posture 

Now lot ns consider posture in tasks that do not recpiire lifting of 
loads or even walking, tasks that arc <Ione by individuals in one place, 
either sitting or standing. Most moilcrn machines have betMi designed 
to reduce to a minimum all walking and carrying. The individual, in 
most cases, handles controls with or make.s movements only of his 
liands or feet. This getting rid of tlie lioav}" work is nice — and it is 
efRcient — but it creates some special problems in sitting, standing, and 
change of jiosture, 

Operator'a option. This wc know: AVe can make a man more (\om- 
fortnble by allowing him to stand when he wants to stand and sit when 
he wants to sit. Prolonged sitting becomes Ur<‘some. If you neeil evi- 
deneo, just read tliis chapter through without getting out of your chair, 
and then consider introspectively the sensations emanating from your 
sitting equiinneni. Standing also gets tiro.sonie, as you also know if 
you ever defied one of those signs reading “standing room only” and 
bouglit a ticket anyhow. 

By allowing the o]>erator to work the mue.hinc just as easily one 
way us the other, sitting or standing at his o[)tion, we add materially 
to his comfort, allay fatigue, and increase ])ro(luctivity. To accoin- 
j^lish this purpose, of course, the machine must be designed at a greater 
height than is usually the case, and a high chair must be ])rovidcd. 
^Tlie worker s iicacl, arms, and body siiould be at the same height with 
respect to the machine whether lie is sitting or standing. Wo do not 
have expcriment.s |:o pj‘ovc this point, but common sense and industrial 
observation support it. 

Vanations in human build. It may occur to you at this ]mint that 
these fine princii)les may be easier to state than to put into practice. 
After all, some people are tall and some arc short; some who arc tall 
imvc sliort legs and vice versa. How do wc arrange things so that 
people can stand or sit at will and yet always l)e at Iho right, lieight 
with respect to their work? That problem is a bit ililficiilt, but the 
anthropologist is the man we need to solve it. If he will tell us how 
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the population is built, wc can take the appropriate stej>s to adapt this 
principle to our problem. Fortunately, he has given us some good 
data to use for thi.s purpose. We do not have all the data wc would 
like, but we linve some. 

First, how tall are 1)001)10? On that queistion we have two different 
studies, suinmarized in Figure 1(11. One gives us the lieiglits of a 
fairly representative sample of the general population (people selected 



Height in inches 

Fia, 161. How p(‘oplo vary in lioight. The curves are artamuilative incidenco 
eiirvcs. They tell wiml percentage of the population is as short as or phorttn* Ilian 
any iiartidular hciglii. The gonoral female and male populations are about 4,000 
adults selocU'd at random in railroad stal ions. The gunners uiul ]Mlots arc about 
4,000 Army Air Force personnel. (Basiat on <latti of Hootoiij 1945, and Randall 

et (tl, 1946) 

at random in Boston and Ohicapjo railroad stations) — about 2,000 inon 
UTid 2,000 women — ranging in age from yonng adults to aged. These 
are labeled “general female^’ and “general male^' populations in Fig- 
ure 161. Tlie other study is l)ased on about 4,000 Army air-erew 
l)crsonnel, divided into two categories, pilots and gunners. Gunners, 
as we can see, tended to be somewhat shorter tiian the pilots. On the 
average tliere was about 1 inch difference in the heights of gunners 
and pilots. The two groups together, liowevcr, match the general 
population fairly well. These data for height are useful in a number 
of connections, and we shall see some of the other uses later. 

The Design of Skats 

Now let us consider the ])rol>lGm of people sitting. When ])eople are 
sitting iliey should be comfortable. It is hard to say how much j)ro- 
duction can be increased by providing comfortable seats because that 
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is hanl io inoaRuro clireclly. But there is good renson to t)olicvo that 
efficiency in work and amount of work output may bo raist'fl signifi- 
{■antly simply by providing gofjd eomfortable seats. To make souls 
coinfortabk' retpiires several tilings, \vlii(di aro not always easy to 
iudiievo. 

Heot hciijhi. First, if possible, scats should he of cadjustable height, 
liecaiise cvoryliody's sitting heiglit is not the name distance from the 
ground. Ji'easurements have been Juado of LIk? seat lieights of about 



Fin. 102. How people viiry in sent height. H(?at height is the disiiuieo from tlic 
sent to the ground when a person is seiihnl with feet planted on ila^ ground and 
the knees at- riglit angles. This is a pereeutile graiih like Pigiiri' 101. it shows the 
pereontugo of people who have scat 1 weights otiniil to or less than any given height. 

on da la of Hoot on, 19*15) ^ ^ ^ , 

djOOO people re])rescntativc of the general population/’ The results are 
given in Figure 102. Tlicso )neasu]'onu‘nLs were niadc by liaving })co- 
ple sit in cduiirs of adjustal)le height and put their feet flat on the floor 
at riglit angles to the seat. As you see, the scat height of smiles varies 
from about 17 to 21.5 indies, and tlio seat height of females varies 
from about lO io 20 inches. Altogether the variation t)f the combined 
population is about IG to 21.5 inches — a range of 5,5 inches. Good 
chairs slmukl he adjustable for this amount. Moreover, if sitting 
height and standing height are io be tlie same, a special foot rest, 
taking the place of the floor, should be provided under machines so 
that it is 16 to 21,5 inches below tlie seat. 

Seat length. Second, comfortaiile seats should be of the right length 
to fit the human fundament. Tdie seat lengtli is defined as the dis- 
tance from the back of the seat (buttocks), when the individual is 
sitting erect in a cluiir, to the back of tlie leg just below the knee, when 
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the legs are placed squarely on tlic floor. A distribution of these 
measurements is shown in Figure 163. There you can see that seat 
length varies from about 16 inches in short women to 21 inches in 
tall ones and from about 17 inches in short men to 22 inches in tall 
ones. Altogether the variaiion of the entire ]mpulntion is about 16 to 
22 inches. 

This variaiion creates some problems of establishing a standard 
seat Iciigtli. If wc select a sJiort scat length, then the lung-legged ia- 



Fio. How p(‘oph' vary in s('at length. The nicasiivoinent is from the back of 
the hutlocks io thn hack of the leg underneath the knee. Tito gmphs tf3ll what 
peiTontage of people have a mit length equal to or le.sff than any partieulai* length. 

(Based on data of Huoton, 1915) 

dividual has 3 or <L inches of his thighs hanging out over the (3dge of 
the seat and is uncomfortable. On the otlior hand, if a long seat is 
selected, the short i:)crson niusi slump down in the chair willi his or 
her buttocks out 2 or 3 inches from the back rest. Otherwise he can- 
not get his legs to hang down from the chair. 

People who have considered this problem at some lengtli make the 
following rectmunendatioiis: If the seat one is planning is a passenger 
seat, say, in a railroad car or airplane; if the comfort of the sitter is 
the main consideration; and if there is no objection to pcoi)le slum])ing 
a bit in their seats, then a seat length of 20 inches is about right.. This 
accommodates about 90 percent of iionplo, iuchiding 85 percent of tiie 
men and 95 percent of the women. At least such a scat will put no 
uncomfortable pressure on the thighs, though tlio people may luive 
to slump a little to let their legs hang freely. If, on the other hand, 
one is concerned primarily with working situations in which operators 
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sUonhl ail creel in order to do their work, then a sliortcr seal length is 
better. A seat of about 18.5 to 19.0 inches is adaptable io a little more 
tlian 50 percent of the poimlation. The remainder of tlic people may 
Jin VO some discomfort from ii nd er 41 ligh pressure, but, on ilm n^hole, 
ilic scat will be al)out as comfortable as ]>ossil)le — in regard to scat 
length — and at the same time erect posture will lie possible. So much 
for scat length. 



Hip breadth in inches 

Fig. 164. How people dilTer in the width of tli(*ir hips a ml .scats. Hip bread tli 
and .scat wifitJi are about the same, and, if chairs Jiavo arms on liirmi, it is liip 
bread I h we arc interested in. Again the gruplis loll wlmt jH'ns'ntagi' of the popu- 
lation have hip i>n*adths equal to or less than ari}^ pai’tienlur value. (After Hooton, 

1045 ) 

' Seat undth. The final consideration is scat width. The iiieasure- 
nicnts available are for hip breadth, rather than seat width, Ijeeausc 
the man who made them hud in miinl chairs with arms. However, liij) 
Ip’eadth and scut width on the average are practically identical. More- 
over, for chairs with arms, the distance between the arms is equivalent 
to scat widtl), and so hip-breadili juoasuromeJits are satisfactory. These 
are given in Figure 1G4, and they vary from about 12.5 to more tlian 18 
inches. There is little harm in having a wide scat, and so it is recom- 
mended that seats be made 17,5 to 18 inches wide. This is adaptable 
to }n*acticalJy 100 per cent of the population. 

AVorth mentioning in passing is the ba(‘k I’cst. Whether this is im- 
portant or not depends on the naiiUre of the work. For pc op hi who 
must sit and reinain reasonably erect while tliey work, back rests 
should be ])rovidcd io support tlic lower trunk in iJio lioDow of llio 
back. Perhaps you have scon some peculiar looking secretarial chairs, 
of steel frame with wide but shallow seats and with backs that are 
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only a few inches high but fit nicely into the low hollow of the l^ark. 
They arc good not only for secretaries but also for the often-more- 
inasculine l)acklines of all sorts of machine operators (see Figure 165), 
Again \vc should say that specific 
expiM’inicnts have not checked 
tins coiiciusion, but experience 
indicates that it is probably valid. 


The Principles of Working 
Areas 


m 




I 


No matter how much experi- 
ence you have liad in a boarding 
house, you can reach only so far. 

This is a simple point, but one, 
n ever tliel ess, tlmt is consistently 
neglected. In the last chapter, 
for example, wc pointed out that 
some pilots^ errors in flying air- 
craft had hiicn traccfl to the sim- 
ple fact that they could not reach 
the proper control. And it is not 
uncommon in industrial life to 
observe controls lhat arc practi- 
cally out of roat*h of the operator. 

These mistakes in design occur 
sometimes because engineers 
either do not know how far peo- 
ple can reach or do not stop to 
think about it. This business of ft)5. A wclbdosijiinotl md i>ro|M'rly 

roach is even more complicated 

and more important than appears ehuirs and U.e .-l.air of a 

on the surface. Let us difijress a dnli-prcf^s operator aliown here. (After 
moment to explain how and why. Barnes, 1949) 

Least effort. First let us note 

that any work done with the hands can involve five different 
parts of the arm: (1) the shoulder, (2) the upper arm, (3) tlic fore- 
arm, (4) the wrist, and (5) the fingers. AVork done by the hands can 
be classified according to how many of these i^arts of the arm it re- 
quires. Note tliat the more classes that are involved the more energy 
is cx]iondcd, or, conversely, the fewer the classes involved in the work 
the less effort is required. The lowest and most economical class of 
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iiiovcnH'ulH simi)ly rcciuires the fingiTS, Iho next class involves ilui 
wrist, the next 11 ic fore arm, and so on. 

From this kind of thinking, industrial engineers have cvolveil tlic 
prinei])lc that work should, so far as possible, ])c restricted to l^he low- 
est class of movements. It is bettor to use ttio fingers alone than tlie 
fingers and the wrist, and bottei* to use the forearm than to use the 
upper arm and shoulder. In fart, any movements involving the shoul- 
der should be avoided as much as possil)le. This gc'iu'ral principle of 
keeping movements to tl»c lowest class is supported not only by the 
greater energy expenditure and discomfort produced by tlic higlier 
classes of movements, l)ut also by the fact tluit iliry usually take much 
more time. 

There is an exception to this princii)lc which is worth a short com- 
ment. Tlunigh linger motions are faster and should ho used whore 
oecasional and nonconlinuons speed is the important thing, they are 
nevertheless more fatiguing than wrist or forearm motions. Remem- 
ber that in our early instructions in writing wo w<3re taught that the 
free movoments of the forearm and wrist arc easier and less fatiguing 
iluin “finger methods’' of writing, A similar point holds for telegra- 
phy. The use of the lateral ratlior than the vertical telegraph key in 
recent years is ba.sed on a study showing tliat the loose movement of 
tlie wrist is more prominent with the lateral key and helijs avoid 
telcgr a] filer’s cramii. This ami much utlior evidence shows that, for 
movements recjinring steady ropcjiition over periods of time, it is 
better to use tlie wrist and forearm than the fingers alone. 

Maximum working arem. That lirings us hack to our main line of 
thnughb. The classes of movement that wo have described are the 
basis for distingui.shing areas of reach in which work should bo done. 
Shoulder and trunk movements shouhl he avoided as much as possible. 
Thus the area that can l)e reached without contortion of the shoulder, 
head, and trunk is regarded as the maximum ivorking area. And, be- 
cause movements of tlic forearm and wrist are much to be ]:)referred, 
the areas that may be roacfiied with those movements alone have been 
called the ?iormal working areas. 

A diagram of the maximum and normal working areas on a hori- 
zontal surface is shown in Figure IfiO. There you can see that neither 
is a straight flat area, hut each lias the shape of a semicircle. The 
solid semicircles are the limits of the maximum working area; the 
dotted semicircles arc the limits of normal working areiis. Notice 
that there arc two sets of semicircles, one for ouch arm. Tlic shaded 
areas in which the semicircles foi* the two arms overlu]) represent the 
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plar.cs that cau be reached or used normally with cither or both hands. 

Tlie diagram in Figure 166 is for a horizontal working surface. 
There arc also inuxiiuum anfl normal working areas on vertical sur- 
faces. In both cases, the actual dimensions of those areas depend on 
a number of factors: the build of iho particular person who is working, 
the lieight of the working surface wiUi respect to l.lio person's shoulders 
and arms, and the distance of tlie surfac^c away from the body. 

To show how tliese various factors can be mastered in any given 



10G> Noi*nc»J ami maximum working areas on a horiiioutal surfa<‘e. The 
rnoaKurements given are fairly ooiiservalive aiui si ion hi ac(>ommo(late iilxaH i)5 jut- 
confc of the adiill population. (R{'prn(iiicocl i)y permission from D'erAj nicUwih 
mnnml by R. M. Barnes, puhlislied by John Wiley & Sons, 1944) 

situation, we will cite one study of inaxiimun reach on a vortical sur- 
face. Just a few subjects were used. A viewing distance of 20 inches 
was chosen. Measurements were tiien made of the iiiaxinuim limi(s 
of rcaoli on the surface with subjects seated with their licad and shoul- 
ders in a fixed position. After all measurements were taken, they 
were cori'ected for the reach of the general population by comparing 
the rcacli of the particular subjects used with the measurements of a 
large population of pilots. 

The final result is shown in Figure 167. There you see three pairs 
of overla})ping circles. The center of each circle is the point on the 
vertical surface exactly representing shoulder level and position of the 
man, One circle of each pair is for the right arm, the other for the 
left arm. The smallest pair of circles is very conservative, for it repre- 
sents tlio very .small man (only 5 pcJ’cent of the pojuilation are 
smaller). The largest pair of circles is for the very long-armed man 
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(only 5 percent arc longer). And the inidtlle pair is for Uio typical or 
average nmn. ff we wanled lo ap])ly ili(‘S(‘ fiiHlings to the general 
population, \vc woiihl want to take the snuiller conservative circles 


Center to center distance 

12 . 0 " 
CiC2= 13.7" 


Diameters 

Circle A -34.8" @ 20" V.D. 
Cjrcle /i-43.5"@ 20" V.D. 
Circle C- 62.0" (S) 10" V.D. 



Kiu. 167. Maxi nun n roin'Ii on a \’('i’tictil workiiif? surfar'o. The eon tors of the 
cireloa c;orrcsj)on(l to (,ho loft and right stioiildors, rosportivoly. Oirnles A and B 
arc at a viewing distnneo of 20 inches, and (‘irah^ i! is at a dislanco of 10 inalu's. 
The smallest circle A is the area that the short-iirnu*d man can roach; the iniridlo 
pair B of circles is the reach of the average man; and the largest pair C show the 
roachahlc area of the long-arined man, (After Lipschiiltz and Sandberg, 1947) 


in order to stay within the nmxiiniim reach of 95 percent of the point- 
la lion. 

^Vc cannot discuss every possible prui)l(‘in of reach that may |)c 
encountered in practice. Anthropometric data of body build exist for 
arm reach, elbow length, shoulder height, and other dimensions of 
build. With these data and a little geometry, wc can figure out the 
best dimensions for any particular pr(d)lem of working areas, 
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111 closing this section, let ns simply present a gonornl picture of the 
niaxiinuni and normal working areas in throe dimonsions. In Figure 
168, note the complex surfaces which describe the three-dimensional 
working areas. One surface is for maxinunn reach and another sur- 



Fig. 108. A l.hrof-dimonsioiinl skc'lfli of the inaxiimiin nml norinjil working iiroas 
of an 0])enil(>r, (UojiFoduc'pd hy jj(*riijjf;.sion from Work mcihoffs mnnuftl by II, M. 

Bar nos, puhlished by Joliii Wiley & Sons, 1914) 

face for normal rcMcIi. This kind of picture .slioui(( always he kept in 
mind in designing the layout for tools and controls. 

Motion- AN d-Time Study 

The principles \vc have reviewed so far arc not based on any unnsuai 
or highly evolved niotliods. They developed through common sense 
and the cxi)enencG of induslrial engineers. In order to apply some 
of them, we have used the measurements of body buikl supplied hy tlie 
until r op ologists. In a moment, however, we shall come to some facts 
and princi])les based on the ])articular methods of ilie inution-and-time 
engineer. For those who have had no special training in time or mo- 
tion study, it is necessary to give a brief review of its methods and 
concepts. 

The best way to work. Time -and -motion engineers stake their pro- 
fessional lives on the idea that U)cre is always a better way to do a 
jol). They cannot always he sure that they have found tlie best way, 
but at least they very frequently find better ways. To succeed in 
their efforts, they usually must first find out what the job actually 
is and then find out how it is being done at present. Often they can 
analyze the job simply by observing it carefullj", timing the various 
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parts of it with a stoj) watrh, uiai tluiiking of better ways to do it. 
ITsunily, however, tlie pvobk'm takes somowlnit more sophisticated 
techiiicpics. 

Timp.-nnd-motion ‘phoiogrdphg. When you arc watoliing a ouif^dcinn 
you know very well tliat “the Inind is ((iiickor than the eye/' But this 
is true foi' ail sorts of work done l>y the hands atni feet. Tinic-and- 
motion engineers decided a long time ago that tlicy missed a good deal 
when they tried to stiuly a job with Ike naked eye. So they used 
the motion picture canmra to ]>hotograj))i Dm jobs tltoy wanted to 
improve. Having gotten a complete moving picture record of a jolj, 
they could run the picture over and over again, waleliing for eacli elo*' 
ment of the work cycle, timing it, and constructing u del ailed analysis 
of the job. 

Elemerds of the work cycle. To aid in sucli roconstruetio?is, tlicy 
long ago developed some “units'' or fundamental ehMiuaiU of ilie work 
cycle. T\m) “elements" are basic components of the movement pattern 
— sDinctimes they arc not movenienls at all, but rather lack of move- 
ment, but they arc nevcrtlielo.ss the steps in carrying out any particu- 
lar job. "I'lie engineers call these eleituints This strange 

sounding term is “Gilbroth" spoiled backward but with the “th" im- 
reversed. It was Mr. and Mrs. Oilbroth wlu) nuuiy ycuirs ago ]no- 
neered this approach to motion ec<momy. 

The tlierhlig is ft so-eftlled oleniont of the motion cycle. It is not an 
absolute quantity, for human inovenumts do not lend tliomsolves to 
notions of absolute units. In S{unc ways, the t))eri>]ig is just a con- 
venience. At any rate, it is the aspect of work that is significant for 
the operation being studied. There are, of course, an indefinite num- 
ber of ])articiihir movements or elements, dcjunuliug on the oj:>eration, 
but for most practical purposes industrial engineers have found that 
17 basic tberbligs will do. 

In Figure 11>1), you lind a list of these 17 Iherbligs, As you see, they 
begin with the time that an operator is searclung tor a tool or control. 
The Jiexfc tlierldigs refer to such stopy as fijiding the control, grasping 
it, turning it or transporting it, and so on. Tliero is no need to repeat 
all of them. If you study the Itst in the illustration, you will see that 
it makes good sense and can aj:)p]y— ni least in part — to almost any 
sort of work or oi)erati()n of controls. 

One significant thing about this list of thcrl)Jigs is that it has been 
standavdixed. The tberbligs now have a generally accepted set of 
initials and hieroglyphics whicii mean the same thing to all those 
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I rained in ilic /iekl. Incleeci, ss'lieii time-and-inotion engineers want 
<() eoinniunicuto with each dUut, (hey use a standard set ef colors 


Namo of 
Symbol 

Thorbllff 

Symbol 

Cxpfanallon-sunrjestf'd by 

Color 

Color 

dymbol 

Olxon 

Pencil 

Number 

EorIb 

Pencil 

Number 

Search 

m 


Eye turned as If searohlnR 

— 

O 

flS 

11 

I 


747 

Select 

I 

—> 

Reaching for object 

Gray, llejht 

11 

I 

399 

734*i 

Grasp 

■ 

0 

Hand open for RrasploR 
object 

Lake red 


n 


74.f 

iBmii 

TE 


Empty hand 

OJtve green 



391 

739^^ 

Transport 

(oaclrd 

TL 

f_,y 

A hand with somcthlne 

In It 

Green 



375 

738 

Hold 

M 

n 

Magnet holding Iron bar 

Gold ochre 

i 

! 

38a 

73G’^ 

Rctnaso food 

RL 


Dmpplna content out 

of hand 

Csrroino 

ri'd 

1 

1 

370 

74 1> 

Position 

P 


Object being placod by hand 

Blue 


3 

376 

711 

PrQ'poslllon 

PP 


A n1n'*-pln which Is sot 
up In a bowling alloy 

Sky-blue 



394 

740^ 

Inspocf 

J 


MognJf/Jng Jens 

Burnt 

ochrt) 

UK 

t 

* . 

p 

m 

745^^ 

Assomblo 

A 


Several things put 
together 

Violet, 

heavy 

1 

1! 

m 

742 

Dlsassomblo 

DA 

i-l 

One part of an assembly 
removed 

Violet, 

light 

i 

I 

m 

D 

Uso 

U 

u 

Word “Ugo" 

Purple 

i 

M 

m 


Unavoidable | 

dolny 

i 

B 

Man bumping his nosQi 
unintentionally 

Yellow 

cchra 

,h 

i 

IB 

L:!iJ 



B 

Man fyfnc down on lob 
voluntarily 

lemon 

yellow 

1 


374 

B 


Pn 

r 

Man with his fingers at 
his brow thinking 


1 


■378 


Ro5.i for over- 
comloa fatlRUQ 

D 


Man seated as If resting 

BBh 

11 


1^1 

1 737 


KiCi. 169. The therl)(i^s and their symbols. The tire eomi’onent parts 

of a motion cycle. Note their names, the ubbreviutions, llie siiorthancl codes, and 
the color codes wliieh motion-and-timc engineers use in analyzing working opera- 
(,ions. (Reproduced by permission from Motion and lime study, 3d cd., by R. M. 

Barnes, published by John \Adloy & Sons, 1^49) 

which can represent these thcrbligs grapliically. And, to avoid any 
confusion between the colors and color symbols, they even specify the 
manufacturer's nuinbers of tlie coinmercdal pencils. AVe can sec the 
colors and color symbols and pencil numbers in Figure 169. 
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The unahjsia aheeL WiUi the 18 (liorhligs and syiniiols for repre- 
fionting them, any tiinc-aiid-moUon cn^iiioor inuy lako a nioi.iim pic- 
lure of a purlieu hir sequence of ()|)eratioiis, play Ihc picture back 
slowly and repeatedly, and finally reduce llie whole s('([ueiico lo a 
scheme oji an tinulysis slu'ei. In Ki^urc 170, we see n sample of an 


MICROMOTION STUDY 
ANALYSIS SHEET 


PART Qoit nnti wflshor Bsaomlaly Old Method PEPAHTHENT AYlG FILM Ko, 021 

DPEnATtOK Assembfo 3 wnshflfs on bolt OP- NO. A32 


0 PEHATOn M. Smith 1C634 DATE U2Q-^Q ANALV5E0 PV HX.R. SHEET NO. 1 OF 1 


o 
^ a: 

§5 

o 

ui 

Uui 

ai 

a 

</) 

S j 

S 2 

DESCRIPTION 

LEFT HAND 

, tjj 

Jo- 

gs 

o 

iU 

t- 

UlU 

=3 

era 

S-* 
-1 o 
01 cn 
tn s. 

LlJ 

= tfi 
H- 

DESCRIPTION 

RIGHT HAND 

595 

7 

TL 

Curies tiscnibtir lo bln 

\kSSi 

26 

TC 

Reaches for lock washer 

f)02 

2 

ni. 

flclenscs assemhli^ 

(i?\ 

G 

r.t+Q 

SMccls and o'aaP> washer 

504 

4 

TE 

ficntlifis fur bull 

027 

7 

TL 

Caicles vrasticrto Nl 

Goa 

2 

‘.HG 

Selects and orasna boll 

034 

6 

P 

PosUlotis washer 

610 

17 

TL 

Carries bnli to workino position 

040 

12 

ATRl 

.Asicrnblos washer onio bolt and releases 

627 

5 

P 

i'lisltliriti bull 

05;> 

8 

TC 

[leeches lor atcal washer 

632 

104 

11 

HuliFs I'ull 

ogo 

R 

3HG 

Seicch and tirasp# washer 

736 


TL 

Cpirles a^scmblv lo bln 

060 

9 

JL 

Carries washer lo bo|( 

743 


F)L 

iickpsca assembly 

677 

3' 

P 

i'oaltlons washer 

745 




680 

10 

ATRLAssemblas alnel niaber and reteaaei 

MH 

B 



000 

r> 

TC 

Reaches (or rnbter washer 



pm 

PIPPIIIPIIIPIPUPIPPPIIIIIIP^B^P 

006 

10 

3HG 

Selects and (|rasp$ rtihber washer 

HH 

HH 



^06 


TL 

Carries washer lo holi 




ppipppmimimiimHii 

716 

5 

P 

Ppsillonj wasJ<er 


■n 

BB 


?20 

Ifa 

A48LAsaciiiblM wastici atid releases | 

imi 



1 

730 

m 

■1 







B 

B 


BBI 

IM 



c 

B 

B 



Fiq. 170. An analysis sIk'oI hko (1 lo record llio tlicrPligs and the lime tlioy take 
for a job being studied by the motiojuiud-tiine oi)gin£‘or. (Keproduced by por- 
mission from Motion and limv study, Jld ed., by R. M. Banics, i)ul)lislic‘d by John 

Wiley & Sons, 19*19) 

analysis sheet, which describes in time-and-motion symbols the Ihcr- 
bligs involved in assembling bolts and washers. Because the motion 
pictures are taken eitlicr with clock readings in the picture or by 
highly standardized speed of i)hotographing and playing back, it is 
possible to record the time, down to the hundredth of a second, re- 
quired for each tlierblig of the motion sc((Uence. That too goes into 
the analysis sheeU 

From such a sheet, the time-and-motion engineer can got ideas for 
eliniinaiing useless motions or for mlistribiiting the work among the 
hands and feet, cugiiujer may develop several ultcniative ways 
of performing the oi)cralion, set them up exi)erimentally for an opera- 
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tor to carry out, photograph and reanalyze the chiingod operation, and 
flolcnninc wliieh of the scv(?ral passible ways is the best way to do it, 
'To guide ))ini in liis tlnnking about hotter ways of working, the time- 
and-motioii engineer follows some of the principles, developed from 
long industrial practice, that arc described in tlie following paragraphs. 

The PiUNCiPLE op Disthibution 

Because our eyes arc so cflicient, we give them too much to do. 
And because man is so adept with his hands, we usually put too much 
responsibility nn tlicm. In fact, because we arc usually more facile 
witli our right hand than our left, it is very common to give the right 
liand a lot to do and the loft hand only a little. Recognizing that fact 
leads to an important prinoi])le of arranging our work most cffccti\^cly. 
Distribute the work as ivell as possible behoeen both hands and both 
feet. 

The feet and hands. Tlmsc occasional individuals who were unfor- 
tunate enough to he horn witluait arms or to lose them can manage 
to do amaziiig tilings with their feet and toes. Many, in fact, can use 
eating utensils, ^Ttiumh^' tlie pages of a book, button their clothes, and 
do almost- anything i-luit people normally do with their hands. Most 
])eople, fortunately, have not had to train themselves to such lengths. 
But the feet ought to be more dmn something an operator brings in, 
puts under his chair, and forgets. There arc many simple operations 
such as switching, or i*aisiiig and lowering a fixture, tluit can be done 
very easily with tlie feet. When the hands are thus relieved, the3^ are 
given more time to do the remaining work, and the result is that the 
work is speeded up and much time is saved without any aiiprccialilc 
increase in effort. 

Anotlicr aspect of this principle of distribution is the sharing of 
work l)ctwccn the two hands. To design a job so that both hands can 
be used to their fullest extent usually saves 50 to 80 percent of tlie 
time for a particular sequence of operations. Thus this principle has 
become important in industrial situations and accounts for some rather 
dramatic increases in the jiroduction of certain items. The jirinciple, 
in modified form, has also found its way into modern basketball. Play- 
ers are taught to use the left hand for those layup siiots where the 
use of the rigid Imnd would demand considerable awkwardness and 
contortion. 

Siviultaneous motion. An extension of the idea of using both hands 
in work is to use them Ixitli at once. The two hands should never be 
idle at the same moment — except during rest. One cxamjile of the 
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application of this principlo can be seen in ttic Uisk of coniinp; iornhnal 
blocks with solder lo whicli wires are later to be fasleiied. An analysis 
of the original meiliod, ])raci.i(M'(l before ni)pIiea(ion of this i)riiiciplc, 
is diagmmmed in Figure 171. d'here you can see that tl^e right hand 
does praelienlly all the work. All the left hand does is jnek up the 
block from the supj)ly pan and move it to a central ]>osition, wliencc 
the right hand inove.s tlie i)lock to the (lux pot, to the solder pot, to 
the knock-ofl' jdate, and finally t(j the finished slock. 




J7J, JainreWn^ wmk eil^Fieney )\v using Uic jj/iints .vininl/nneon.^ly. On du? 
left, is ih(' (hag nun of how ti sohlering operation was origin ally i)('rforinc(l— priic- 
(i(*ully al! with tlic right, hiind. On the right is a sketch of tho siinw job ^'designed 
so that hotli hands arc working syninuarit'ally and sinuillancoiii^ily — ^with a (*on- 
sidi’iahlo increase in nnirieney- (by permission from (U>mmon scuac (ippHed to 
molioH ami iime study , by A. H. Mogensen, (-{jpyright 1932, MeCJraw-IIill 

Boole Co.) 

A revised layout, however, designed to dislribulo the work o(iually 
betwooii ilu’ hands is diagraniined on the right of Figure 171. 'I'liore 
botli hantls carry out the same pattern simultaneously and do two 
units at once, rather than one at a time as before. Of course, the time 
per unit is not out in half hy this motliod because two hands cannot 
work twice as fust as one, but the total increase in ])roi[u(’'rUon is about 
85 percent — a factor not to be sneezed at either in iiroduotion or in 
nutchine o])erution. 

The Himo chart. So im])()rlant is this notion of both hands working 
together that motion-and-tiine engineers have u special cliarlr— Uie 
Siiuo chart — whioli tljey use to aJiiilyze siinuJlam'ously iJa' inotioj)s of 
the l.wo hands, What each hand is doing moment l)y inonKuil is re- 
corded in this chart (see Figure 172). A study of it will show, almost 
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Micromotion study 

SIMO CHART 


PART Dolt and washer assembly-old Method department AYIG filmko B21 

OPERATION Assemble 3 washers on bolt 


OPERATOR M. Smith 1C634 


or WQ. ^32 


DATE 1 - 27-37 marebyS.R.M, skeet no 1 or 1 


DESCRIPTION 
LEri HAND 


500^ 

COO^ 

QIO^ 

G20- 

D3Q ^ 

640 ^ 

Gr>of- 

U(jO r 

G70r 
OflO” 
fiDO “ 

700 r 

710 ^ 
720 ^ 
730 ^ 
740 r 


Carrlcs as'jEmWy lo bin 
Ilulcases assembly 
Reaches fur bolt 
Selects and u/<)sps bolt 

Garries boh to worHnf) position 
Positions bolt 


Holds bolt 


Carries assembly to bln 
Releases assembly 



TIME IN 
I2000THS 
OTA HIN 



TE 


DESCRIPTION 
RIGHT HAND 


Hoaihes lor lock washer 


Selects and grasps washer 

Carries washer lo boll 
Positiuns washer 

Assembler washer and releases 

Rfaches for sled washer 
Selects and grasps washer 

Carries wa'ihcr to bolt 
Positions washer 

Assembles steel washer and releases 

Reaches for rubber washer 
Selects and (jrasps rubber washer 

Carries washer to bolt 
Positions washer 

A'sscmblcs washer and releases 


Fig. 172 . Tile Sinio clitirt., an oxtunplG. The clnirL sliows what each hand is dumg 
for oach inonioiit of the iiiotioii cycle. A glance at it tells us whether one hand 
is idle too niiich of (ho time when the other one is busy. CMose study gives us 
ideas for improving tlic motion cycle to gel simultaneous ns(3 of tlie liaiuls. 
(Ji(‘protluctul 1>3^ jiermission from Motion and twie Jitudi/, 3d ed., by R. M. 

Jhirnes, publisheti by John Wile}" & Sons, 1949) 
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at ii glance, how nnicl) time ih being wasted by iinetiunl balance of 
work iDotwcen the two hands. 

Symmetry. iStill aiiolluM* principle is illustrated by (Jk 3 diagram of 
fclie soldering operation you saw in Figure J71: tliat ujotions of the 
two anus shonl<l lie in oiijiosito and syinnad.rical dirc'clions, instead 
of in the same direction, and their moves sluadd lie made siinidi.ane- 
ously. This jirinciplc is upheld, not only by many nuition-and-time 
studies, but also by tlio liasic physiological design of the liuman organ- 
ism. Areas of the cerebral cortex, patliways in the central nervous 
system, the pattern of nerves to the muscles, and the st.rueture of ilie 
imi/s'clcs themselves— all iltesc a?*e laid out in dtijdieate udrnir images 
of each other. Aedivity in one side of the laxly tends to be mirrored 
on the other side. As a coiisoc(uonce, it is very iliflicult to do two dif- 
ferent things at the same time with the two hands, hut it is very easy 
and efficient to do the same thing in symmetrical imtterns at the same 
time. A good demonstration of this point is to try rubbing your 
stomach circularly with one luind while patting your head with the 
other. It is much easier to rob both or to pat both. Application of 
this ])rinciple to the design of tasks and maehines often can increase 
output ))y a good many percent. 

The operation of controls. Before we end this review of motion 
economy, let us present an example of a different type of application, 
not to the assembly or jirodiudion line, but to the handling of controls 
of comiilex machinery. Tlie particularly cumiilex machine in this case 
is the air]}hine — an airplane, in fact, that is now fairly common in mili- 
tary and commercial Hying. It goes under several different names and 
numbers, but you will iirobably recognize it as the DC-4. 

AVc have already discussed at length the Iromcndously coinjdicated 
task of the pilot. This study was aimed at making life a little simpler 
for him witliout cdmnging anything except the scrjiiencc of his operating 
controls. The first step was a careful study of every aspect of the 
pilot manipulating Ids controls; before take-off, during take-off, in 
normal contact flight, in instrument (light, and in landing operations. 
Moving pictiires were taken of typical operations in many flights in 
order to record every detail of his ojx'ration of controls. All the data 
wore analyzed much in the way we have been describing. Then dia- 
grams were constructed of the secpience of movements made in dif- 
ferent aspects of flying. 

Here let us simply consider take-off and all the things a pilot has 
to do to get his ))lano checked o\it and jvady for take-off. To under- 



The Principle of Distribution 


SSI 


H r 


^ A 


w 

'A 


Ty^rr 




K-^ 
Start 


2 

ifulfl 


V 
It 
II 

/tin 
It 

til 


— h 


Original Procedure 


stand all control opera of the pilot, the motion -and'- time engineer 

had to make a rough rlassification of the areas in which the pilot 
opcrat(^d controls. Seven different 
areas were picked out and diu- 
gramnu’d. There is no need to dciine- 
ntc their uunics or functions. They 
are i)icliircd diagranimaiioally in Fig- 
ure 173, Also in that figure you will 
see what l.hc pilot was doing. Just 
follow the arrows to see where the 
pilot was moving his hands and ad- 
justing or checking controls. You 
can see at a glance that this is not a 
very efficient way to woj'k. The hands 
of the pilot traveled l)ack and forth 
from one control area to anoth(‘r, re- 
peating movcinenfs uiul taking the 
lung way around. 

With all the facts in hand, \\ was 
a pretly nnatter to work out 

another belter sef(uence of control 
movements. Of eo\irse, certain con- 
trols must be moved or checked in a 
certain order, ])iit, even respecting that 
limitation, a simpler sequence was 
possible. The imp roved procedure 
coming out of the motion-and-iime 
study is shown in Figure 173. The 
simplification illustrated in the dia- 
gram resulted from two basic changes: 

(1) Instead of the hands going back 
and forth repeatedly between difiorent 
areas, they were used to do all of ilie 
jobs in one area at one time; and (2 1 
instead of the hands moving from one 
area to niiother far distant from it, 
the jn'oeedure was arranged to have 

the hands move on to an adjacent area. We do not know what the 
final figures arc for saving in time and mistakes, but wc would guess 
that they ought to be rather substantial. 



Improved Procedure 

Fia, 173. ImproviiiR the check-off 
pro(3o(hirc in prcpahiig a rdano for 
talvc-off. In the top part of the 
figure wo see a diagram of the 
ac'quenco of the ])ilot as revealed 
by tinio-and-motion analysis. In 
the lower part you see the pro- 
cechire reroninioiulod afltn* the 
analysis was eomplole. There is 
110 question but that the proced- 
WYii .saves time and eliminates pos- 
sible mistakes. (After Channell, 
1947) 
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The Arrangement oj Work 


THE A11KANGEM1-]NT OF WOllK 

Th?ifc ccmcliidcs our rovicw of j^oinc of ilio luoiv iniporlunt general 
principles of the design of tusks. They have eonie luuinly from the 
cfi'nrts of motion-and-limc engineers, but tiiey l)e(ong in any psyclio- 
logieal treatment of prol)lenis of human ellieieney. Tliere are many 
other principles and sul>|)nneiplos, but, since tins is not int<‘ndod to 
take tile place of a textbook in motion economy, wc will not go into 
them. Before wc proceed however, with some other probh'ius of the 
arrangoment of controls, it would be well to list cpiickly certain other 
principles of motion economy which are particularly applicable to in- 
dustrial problems of assembly. Those principles stress the proper (le- 
sign and arrangement of tools and materials rather than of controls. 

TJie list runs something like this: (i) All tools and materials should 
be placed at permanent and fixed stations. (2) Tools and matc'rinls 
sliouJd bo aJTangpd in front of and as close as possible? to the worker. 
(8) (Iruvity-fced bins should bo used wherev(M’ possible to deliver 
material as close to the worker and point of assembly as possible. (4) 
Tools and inateriiils should l)o arranged so as to permit tlie l)est se- 
quence of ther1)lig movements. (5) The W(trk place should 1)0 illumi- 
nated to permit good vision. Those principles, as well as many others, 
ur(‘ well illustrated in (ho standard reference works on motion-and- 
time engineering. 

Now lot us turn to tbo arrangement of conlrols. This can bo a seri- 
ous jn’oWej)) )>pcanse eon(rf)Js get ))ui)( inlo niachinps. Onec Iho ina- 
cliinc has boon designed and the controls have been placed, it is u.siuilly 
too late to go back and change the machine according l.o the shortcom- 
ings tliat are found in it after an operator has l)een using it for a while. 
If and when such changes are made, tlicy are usually cxi)ensivo, an<l 
everybody concerned wislies he had known how to arrange the controls 
correctly in the first i)lacc. 

It is easy to state some general principles about tlie arrangement of 
controls. Just recall some of the things wc have been saying in this 
and the previous chapter*. 

Maximum reach. Obviously, no control should be out of reach of the 
u])erator, unless this is absolutely unavoidable. If a cmilrol must bo 
placed out of reach, it should be a c()ntr*ol which is never used in the 
ordinary course of oporating a machine, but only at odd times eil.her 
before beginning woj*k or after finishing a scciuenee of work on the 
machine. Controls that are used for calibration, adjustment, or main- 
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tenance of the inarhino may bo in this (‘{itognry — out of reach. Second, 
and closely rohitcd, till controls normally used by the operator should 
lie within the nntxdjmmi reacli ot the oi)erator. We have already shown 
how it is possible to determine wliixt is the inaxiiiuiin reach — even for 
ilu; slH)rt man. 

Notifial reach. Controls that arc used occasionally but not fre- 
quently may be ])laco<l outside tlie normal working area Init within the 
maxi mil in working area of the hands. Controls tliut must be used occa- 
sionally or always with two hands should he placed in the himanual 
working areas. The controls that arc most frecjucntly used and are 
most important should be placed within the normal working areas and 
])rGfGrably centrally located in front of and dose to the body. All tliis 
is ])rGity obvious — so obvious that it hardly seems worth saying. Yet 
there are very few machines which actually meet these standards. En- 
gineers too ofbm forget these simple principles when they design the 
machines. 

Thr Pattkrn or PnAoriiMKNT 

Even if all Ihi.s iidviccf is followed, it icDs us only in what general 
areas wo must lie sur(; to liave controls. A more important ^xrohlem, 
and one that is harder to solve, is the problem of the particular pattern 
of controls. ’Wliicli control is placed next to which other control? Ex- 
actly how shoukl they he laid out? To this there is also a general 
answer. Controls having a similar function should be grouped together. 
A control that is frequently used immediately after another control 
should bo placed next to it (unless there is some reason to have both 
hands participate alternately or simultaneously in the sequence ) . That 
is a good general pidnciplc, but liow docs one put it into practice? 

In some kinds of machines, particularly machines tlmt are producing 
things, the sequence of control motions is standard. The operator 
always goes through exactly the same sequence of adjusting controls. 
When this is the case, the methods of inotion-and-time cnginoei^ing tliat 
we have already described are adequate. To apply them wc should go 
through the following sequence: set up some kind of mock-up before 
wc build the machine; have the operator go through the sequence and 
record the different motions made; redesign the motions to be most 
efliciont; see wliai arrangement of controls that design calls for; an<l 
finally, arrange tlio controls on the machine to suit the best way of 
doing tl)o task. That is all straiglitforward. All wc have to do is study 
the operator's job, find out the !)cat sequence of movements, lay out 
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tiic conti'uls according to ttiui seciiicncc, and Rivc Uu‘ layout to tlio 
dvAgn on^;;incGr. 

But thcTc aro many in the world Unit an? not so vul and driod, 
15 von driving a car is not a simple ()ne''l\V()-lln'e(' proposition. Soino*- 
times wo j)iish the elutcli before ilu? bruke, and sonirtiines viee versa. 
Sometimes we step on the ueeolc'nitor before we inrn ilie wIuh’1, and 
sometimes we slow down first. A man in ilie aireraft eontrol iowei' 
does many <liffercnt things, ami ho does not always do (hem in the 
same order. T!ic same is true of the radar o])oraior, the pilot of an 
aircraft, and operators in many other tasks wliicli are not simply a 
matter of assembly-line production. 

These n?).standnrdized tasks need study just as much as tlie regular 
pro<lncti()n tasks. And tlmy can be made much more or less elficient 
and accurate, {loj') ending on the layout of controls. Rut the problem 
is to find some method of laying out controls scientific ally even when 
the task is not standardized. Such methods arc not encompassed in the 
bag of tricks of ilio niotion-and-timo engineer. Instead we must take 
a more statistical approacli to tlie ])rol)lem. In a si-andardized task, 
we can find out what the operator alwayH does — he always operates 
control B j\ist after control A, In the unstuiulardized task, we have to 
find out what the operat(?r d(?cs, not all th<i time, but nuist (?f tin? time — « 
at least more of tlie time than lie does anything else. Thus, he may 
sometimes operate control C after control sojuetijnos control A after 
control B, But which of these sequences docs he follow the most, and 
how can wc arrange the control to make tlio best compromise among 
the different things that he does? 

To answer this question, we need to solve two problems, not just one. 
First we must find out what the operator docs in currying o\it his task, 
and, second, we must have some incthod of api)lying this informalion to 
tiic arrangement of a pattern of controls. We shall take up these 
problems in turm 

Analyzing thk Vaiuable Task 

In order to atmlyzo clTcctively what the operator is doing, even in a 
statistical way, wc must know what we want to find out. In part, wo 
want to know how often he uses each of the several controls available 
to him. But frequency of use of contnds is not the important thing in 
the patteni of arrangement. What is iinportaiit is the .s’cr/uencc of use 
oi controls. After the operator has used cuiUrul A, wiiieli one does he 
use next? And, after that one, whicli one is next? If the task is very 
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complicated and it there arc very many conlrolts, this is a diflicult 
problem. 

The link. There is a notion, lunvever, that helps a great deal in 
solving lite prohlein. The notion is the link^ wliich you may think of 
as any two controls used in seciuence. If the operator uses control A 
first, and tlicn control /J, the link is AB, If he uses control C after 
control B, we have another link, BC, and so on. Links can l)e studied 
and counted just us the Iretiuency of using particular controls, and our 
studying links gives us a hreakdown of the task which cun l>c used to 
obtain the best inittern of controls fur the job. 

Link frequency, With the concept of the link clearly in mind, wc 
turn now to the task of finding out what links an operator uses in the 
variable unstandardized task. There are two ways to get this informa- 
tion: by direct observation of the task or by asking operators who are 
experienced in the task> If it is at all possible, it is certainly best to 
study the task directly, either on niacliincs already in use or on ma- 
chines n)oeko£l uj) for tlie jnirpose of ilie study. Needless to say, sucli 
a study should he a fair one. Tlie operator — indeed, several operators 
— should be observed f(ir I’easonable periods of time and (in repeated 
occasions. Every effort must be made to get a fair sample of the 
ai)erat(jr^s job. In this matter, as in almost anything else in scientific 
work, our answer is no hotter than the sain]>le of data we obtain. 

If we assume that an extensive, fair, and representative sami)le of the 
operations is tiikcn, there is little more to the study than to count the 
links in tlie operators^ behavior. Any metliod of recording that gives a 
picture of which controls are used after each other is satisfactory. 
Perhaps tabulation on mimeograplied sheets will do the job, or perhaps 
a more elaborate mciliod is necessary. In any event, all wc need to do 
is to count the number of links of various sorts. In Figure 174, you sec 
the kind of result you will olitain. The numbers in that illustration 
are purely imaginary. Wc simply made them up, but they c<^nild apply 
to many complex situations. Each control is coded A, B, C, and so on. 
A scatter diagram is sot up with each control heading a column and 
also a row. Each time a coiitrol link occurs^ it is tallied. When the 
ex]De{'iment is over, tlie tallies are totaled and converted into number 
scores for t‘ach link. Thai is what we want to know; it is a statistical 
summary of the sequences of controls used in the variable task. 

Link nuporUinre, Before we go on to tlie nietliods of dciermining 
patterns of arrange ments, let us point out that 111 ere is more to control 
sequences (links) than just the frequency of their use. Some linlcs arc 
more important than others, even though tlicy may not be so fre- 
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quently iiscfl. If it is a matter of life md dcatli that a man i)o able 
to operate a (amtrol at the right time, we want to put it wliero lie can 
get it and use it quickly when lie needs it, ScJiuctiiiics it is evssential 
tliat two controls ]>e used in sequence, whether or noi. they are used 
very oftcMi, ami this must be considered in the amuigenient of controls. 
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174, An example of the data \vc might get iov link fr<'quonry in a task 
involving many eontrois. Each loiter at tiie top and side stands for a parii<'nlhr 
control. Tli(' immhoi's in the blocks represent the relative number of limes a 
partinilur link is used. Notice that all the iiumliers above tho djagona] lino are 
duplicates of UiOho 1 jo low il, just to inako it easier to sec^ the link frequencies of 
each control with every oilier control. This oxniiiplt' is laohably more compli- 
cated than most we will uncouiUor in pracf.ical situations. 


So, in arldition to frocfucnay, somotimos wo must hat^e some idea of 
the relative importance of particular links. 

T]ii.s business of link importance is especially difficult Ix.v^auso 
cannot measure it simply by observing the behavior of the opcu'ator, no 
matter |jow hanl we try. It is, in fact, solely a matter of knmvledge 
and jiulgnienl. People who know how the machine is built and what 
each control is for are tho o)dy oih's wJio can toll us t!)o relative* impor- 
tance of various controls and tlic links between tlicin, Tlie prolileni 
then is to got tlio best possible (juantital ive judgment of those who know 
about the importance of links. There are some special (]iiestionnairo 
techniques for making such studies^ and it is well to use them. Even 
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oxporLa clilicr on yuch mailers, and, oven it they do not, it takes sonic 
special devices to p,et their judgments in (pianLitative terms ilial we can 
use for making accurate calculations of tlie best way to arrange con- 
trols. 

Psychologists know that people do not have very good men lories and 
that they have dilTerent standards for their judgments. The best tech- 
nique for getting ur<?nnd t)i5s difficulty is to eniijloy “forcoil jirdgnientsd^ 
AYc give the man a list of eontrols and make lam rank-on Icr the con- 
trols in respect b) tlicir importance of use, lie has to say that one 
(H)ntrol is munher one, anotlier is iumil)er two, and so on. Such a pref- 
erential rating scheme avoids all sorts of misundorsiaiK lings and mis- 
judgnionls on tlic part of the operator, and it tends to give us a fairly 
CO mad- idea of the relative importance of use of the various controls. 
If several (liffereiil jicoidc, operating the same machines, agree well in 
their judgments, wc can place fair reliance on the results of this method 
of getting at importance of controls and control links. 

Link value. Assume Unit wc now know the relative frcr|uene.y of dif- 
ferent links and also have some knowledge of their relative importance. 
Next we will have to find some way of combining relative frequency 
and relative im])ortanco, if tiiese are at all ditfercut. That, like deter- 
mining importunee, is a matter of judgment. Perhaps (lie important 
links arc so inii>orl.ant that it does not mutter how frequently they arc 
used; we must give them the highest priority in our arrangcniont. Or, 
at the other extreme, the relative merit of a link may rest entirely on 
henv fi‘equentl 3 ^ it is used; there may he ua reason (or disti?igu3slung 
frociuoin^y from iini)ortance. We must decide what the situation is and 
giv(j relative wciglitings to the two aspects of the links’ uses. 

For most situations, it is satisfactory to give frequency and impor- 
tance equal weighting. That, at any rate, is the typical case, and wc 
will as.sinMe it in order to explain the rest of the procedure. First, we 
convert link-frequency and link-importance values into standard scales. 
The numbers we have from our experiments or questionnaires may be 
of many diflerent sorls: dhe time Ihe link is in use, the frequency of 
use, number of votes cast for the importance of the link, or I’ank-erder 
ratings. It docs not matter. Whatever the form of the numbers, lliey 
should put into some simide terms. For most purposes, a three- 
point scale will do. AH links can be rated, 3, 2, or 1, according in Uieir 
relative use or iiniiortancc. TIic most used and most important links 
would be rated 3 on each scale, those used moderately often and of mod- 
erate imjiortanco would be rated 2. Tliosc used infrequently and of 
slight importance would be rated 1. Then, to combine with equal 
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weight, wc simply miiUiply the numbers for eaeb link. Artually, wc 
can add ibeni, if we wisli, but multiplying tlioni simply cm}duisizes the 
links ihat are most important ainl most iVcHiuenily used. Tlu' result 
is an over-all link value which weights both freciueney and in\i)orUnce. 

The Design of Systems 

Before wc explain how to use over-all link values to arrive at an 
arrangement of controls on a panel, it would be well to discuss another 
problem which can be attacked and solved in just about the same way 
as the proi)lem of control arrangement. This is the business of systems 
arrange meat — bow to arrange men and machines in an cfTectivc system. 

Systems arrangement is an important and ofi.en jnizyJing problem. 
Many engineering psychologists have alreadj^ been called in many 
times to advise engineers how to design over-all systems of men and 
nnichincs. In every ease wc I hid that existing nietlmds arc little 
better tiian those some persons use to arrange furniture at homo. First 
tlioy put the sofa along the frmd wall, an easy elinir along Mie side 
wall and a radio next to it, and end up with no place for tiie liookcase. 
So they start over again. By endless slmfllings and reshulllings of the 
furniture they finally <lecide on one arrangement they like best of all. 
In another week or two they may liecomo unhappy witli tlie arrango- 
ment, Ixfcause the bookcase is too far from the radio. 

In arranging macdunery and men for jirodiiction or other purposes, 
this trial-and-orror method is certainly too primitive. If we do not 
arrange a machine simp in the host possible way, a lot of waste mo- 
tion results, the flow of materials is slowed, tlio time required to 
get from one nuiclunc to another slows down production, and it costs a 
lot of money to move the machinery to new locations wlien we find 
out that the first arraugoment was a had one. There certainly ought 
to be a more scicnlific way, a loss costly way of arranging men and 
machines. And there is. 

In arranging man-machinc systems, wc do just what wc do in plan- 
ning Iho arrangcniont of controK First we Oiiiik about links. In tins 
case the links are man-to-man, man -to -machine, and machine-to- 
machinc. If one man must talk to another one or pass material to him, 
that, is a link. If the information or material coming out of one ma- 
chine must go to another one, that is a link. If a man must adjust first 
one inacliino and then aiiotljor, or work with several nniebine.s in sue- 
cessiem, as a luaehinist usually does in a machine shoj>, iliat is a man- 
to-inachine link. To find out wluit these links are, liow frequently 
they are used, and liow important they arc, wc do just what we do in 
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tlic o])eraLi()ii of controls. We find out in the most oarcfiil ^vay pos- 
sible, eitlier hy conducting a systematic study of the operations or by 
getting competent ratings from a number of people who arc supposed 
to know. And in tlie end, we come out with a set of link values for the 
different inan-nuicliine links in the system. 

TiiiiJ AuuangeiMent Proceduke 

Since wc have just been talking about systems arrangement, let us 
use it to show how the link-value infonnaiion may he used to arrive 
at an optimum arrangement. Remember, however, in all that we say 
now that the same procedures can he used in arranging anything, in- 
cluding the controls and indicators on a pancL 

The mathematical problem. This business of finding the optimal 
arrangement is a complex affair. It is something about which people 
are seldom scientific or systematic; yet it is one of tlie most compli- 
cated mathematical problems one encounters. Tlie proper placement 
for each man and machine in a system <lepGnds on the placement of 
every other man and machine. The prolilein is comparable to tlie soIin 
tion of a myj'iad of simultaneous ocjualions in cacli of which tlicj'o arc 
as many constants as there are men and inacluncs in the system and in 
which the values of the constants are not simple linear values but rather 
vectors. No one, except the chronic m^lthematician, likes to get cn- 
snarlcd in sucli proliloins, for he may never get out again. 

The graphical solution. Fortunately, there is a rough graphical solu- 
tion to the problem that is about as useful for most purposes as any 
jirooise mathematical solution. The steps in the graphical solution are 
easy. In fact, there are several ratlier simple ways to go about it, but 
we will suggest only one which will work. If we solve problems of this 
sort, we can work out variations to suit our problem and our pref- 
erences. 

First, select for analysis only the important and major items about 
which you are concerned. Do not consider any small items such as 
ielepliones, switches, pencils, or such that must inevitably go wherever 
the man or the machine goes. Next, select only the men and machines 
(or tlie controls, if you have a control problem) that have some link 
values. A wall chart, fur example, may be a major item, but, if it is 
not used in the main function of the system, in relation to some other 
man or machine in the system, leave it out of the problem. Now tabu- 
late al! link values. As a matter of eoin'enienco, you may use S(>?ne 
sort of code for distinguishing men and machines, say, letters for ma- 
chines and numerals for men. That is what we have done in the ex- 
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ample \vc arc to use, Tlie job ih made still easier if all link 

■values are {)ui into a diajyo’am ur table, such as that in Figure 175. 

In that figure you see a diagram similar in principle to the example 
in Figure 174. In Figure 171, however, wo simply talnilatod link fre- 
quency and inudo no <lisliiuiion wliothor the links wore between con- 
trols, between men, or between nam and nniclnnes, fu tliis diagram, 
we ImvG taken a liypotheiieal mauHnacliitu* proi>lein. 'rijere ar(» no 
links l)etwecn macliines, aU.hougli there art' links between men and 
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Fkj. 175. A clmrt of the link vulucs in a iiypotlinric^ul nianHiiarluin' sysloni. The 
zamihors m l.he )>1 <k‘Kx ropro.sozUizzg tlio Jizik.s, wo.ro ohOtiiied )iy zziall.in)yia/i; lizzk- 
freqnt'ney niliim will) liiik-iin|KJrti\ncG niliiig. T))o nitiuMis were nindt' un u 
scalo, Thinigh reladvt'ly siiunl*' i>^ apix'U ranee, this elm it ae-Umlly has more link 
relaiioiishins limn We will Ihul in most praelieul problems. 

between men and maeliines. Letters have been used for macluncs, 
numerals for men. Also in this diagram, you see overall link values, 
obtainoil by getting 3-2-1 rating-scale valeies for inquirtance and fre- 
cpiency and nuiltij)lyiiig the two together. Tliorc are many variants 
of this locliniciuc whicli WT can always devise for our own purposes. 
Figure 175 is jtist an example of how such suinniuries look in gcncml, 
IFith the kind of data we liave in this table, we arc rea<ly for the 
solution. The first part of the solution will look like the upper lUii’t of 
Figure 176. For convenience, wc use circles for imn azid squares for 
maolunos. Wo rlraw and ouilo tJ)c item that lias the most links. That 
is man luimbcr one. TJicn wc plot the item linked with tlio first one 
that has the highest link value; that is man number two> Tlien we plot 
the items that have tlic strongest conneetion with the items already 
plotted. When wo finish this sequence, we start with the item still 
uuplottcd with the highest link value and contiiuio until all items are 
on the graiih. Then we draw in all remaining links l)etwecn iionis on 
the chart Using the data in Figure 175, we will come out with a graph 
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like that in the iipjier part of Figure 176. This result may be a little 
confusing, but we can .straighten it out by a little obvious j-earrango- 



Fig. 170. The graphical soluliuri of a sy.steins--iirnuiKomeat problem, 'Flie link 
values eonio from Figure 175. The part of Uie figure is Uio approximate 

solution, obtained hy following direetions in the toxi,. The* bottom part of the 
figure is the pa me as the upimr part aflor it is siin])lified to make the link liiu^s 

as short as possible, 

mont to make the lines as short as possible. The bottom part of Figure 
176 is tJic straig)itenet!“Oiii version. It is tlio best pattern lor our 
layout, and it has all the items in the correct rclationshii). 
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Applying the solution. Now, the thing to remember about this model 
is that it is made of ruljbor. You can twist, it and l)end it, make it rec- 
tangular or circular, swing items arrujiif] their axes into mirror-imago 
positions — all without destroying the essential pattern of the items in 
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Improved Design 

Fio. 177. Link {iniilysiH a})j)lie(l lo a coin inns The original design 

is a schematic diaKnun of Llm men and inarliines )>i*fore llio atmlysis. Notice the 
miinbcr of crossing links and long links. The iin])rov('(l design is l.lm pal tern of 
moil and nm<hinos after grai)hical analysis, Notico liow the paUoni is Biniplifiod, 
ihe crossed links oliininatedj and many links shortened. 

your model. Those elastic properties of the jnodol, in fact, must be 
used to fit tl)C solution to any ]mrticular space that is available. 

A communications center. As an example of liow tliis sort of ap- 
proach works out, let us describe briefly one problem of systems ar- 
rangement we encountered in the last war. It concerned a certain type 
(;f room that was of (amHhhu'ahIo importance. In it were many men 
and many machines. A lot of information came into and went out of 
this room, and a numl)er of things got controlled from the room. Bill 
the room was a i)roblcm, because nobody seemed to be where he ought 
to be at the right time, and some could not see or hear what they 
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wanted to when they wanted to. We did not hfive an ni)p{)ri.unity to 
study really earefully the relative frerjiieiicy and inij)ortaiiee of vari- 
ous links, l)ut we could establish which links existed and wore of any 
importance at all. Takinj^ fmly the men and machines involved in 
these links, we could make a diagram of tlie existing arrangement of 
the room as llioy found it. Olndously, this was not the ideal arrange- 
ment. So we constructed a chart like the one in Figure 177. All this 
did was indicate which links were used and wliioli were not. Then, by 
following the procedure outlined previously, we worked out a rubber 
model of the idea! arrangement of men and equipment. The final 
design appears in the lower half of Figure 177, 

Described in this way, it looks very simple. Actually, it took only a 
few minutes after the facts about link values laid Imth assembled. 
73 e fore tliat, however, Die pn^blem ]or)k(?d .so con)])lir*aled lijat none 
of us could reach agreement on how to go about it. The same ai)pr()ach 
can 1)0 u.sed for many different sorts of i)rol)leins — in fact, any problem 
in which the sex pi (Mice of action or pattern of arrangement is important, 
fn the arrangement of controls and instruments in a large aircraft, 
for example, the serpiencc of action is important. Here, a link repre- 
sents any sequence of use of two instruments or any sequence of action 
linking two opcTators. In other respects, the link analysis is un eh an geek 

SUMMARY 

As we can see, there arc a lot of angles to the arrangement of work. 
A hotter way can be found, if not the J)Osfc way, to do aJnio.st ei^ry- 
thing. 

To find it, we mxist pay attention to a lot of little details of the work 
and the work ])lace. Can the operator do the job both sitting and 
standing? Is the seat designed for the greatest comfort? Arc tools 
and controls within the maximum reach of the individual, and are the 
most important ones within the normal working area? Is the work 
distributed to the best advantage between the feet and hands and 
between the two hands? Are the motions of tlie hands natural and 
symmetrical? Are the controls placed in the right ]>attern for eco- 
nomical and errorless use? Is the sequence of movement the shortest 
and most effective? And, finally, in complex systems, involving many 
men and machines, are placed in the optirnal rclutionsliip to each 
other? Attention to these questions, one l)y one, in the long run, may 
make a great difference in the efficiency of the work, as well as the 
safety and comfort of the operator. 



The AmiDC/CDicnt. of TT'o)7i; 


se/f 


SELECTED REFETlENClilS 

1. H. M, Mo/iott timl s/tu/f/ (.‘ird I'JJ.). Now Vm-k; AVilo.y, 
1940. 

2. ii. M. Work 'methods mouind. Ni*w York: John Wih'y, iOhl 

3. Bkdalk, E. M. CoinpnriHOn of the energy oxpendil.iire of a woman cnri‘\'ing 

li)a(ls in oiglit differeni posilioii}^. ludust. Fat, Rrti, Bd, 1024, No. 20. 

4. ChlAN^M'X^♦ R, C. An analysis of pilots' performain'es in nmlli-eiigine uir- 
emft (R5n). Olliee of Nayal Ke.seardi, 8p(‘cial Devi<'<'s (Vnter, 1047, 

5. IIootOlV, K. a., o/ ai. A sunu'i/ iu (lanlner, Mass.: IJaywood-WaJo?- 

ficld, 1915. 

6. Ln»iiuiiui/rz, H, Jj., and Sandbkug, K. O. \V. Maximum liinit.s of w-orking 
ureas on vcrUcal sui’fafes. Onice of Naval Kes<'ar<‘li, Special l)(‘viees Center, 
Report No. 100-1-8, 1047. 

7. McFargakd, R. a. Human jctclot'if in air dcstun. New York: 

HeCIraw-TIill, 1040. 

8. AJouensejN, a. JI. Cownufu sensr applied lo wtdion-auddimo nhtdy. New 
Y"ork: Met Iraw-Hill, 1032 . 

9. Raxuali., V. K,, Da.mcjn, A., H1’:nton, R. 8., and Patt, D. 1. Human body 
size in military uireraft and laa'Mnml tapiipment. Air MatiaR'l Cominamt, 
Army Air Foret^s, Ti-elnn'eal Rt'port No, 5501, 1040. 



Wor/u’njrt and liesling 



THE EFF1CIEN(;V OF A HOMAN BEING AT WORK DEBENDS ON MANY FAG- 
tors, soino of wiiicth we tuivc discussed in this book. His iidierent 
ability, ilio design of the instruments and niaeliincs he works with, the 
design of the work itseJf, all contribute their bit to making tiian either 
an efilcient or an inefficient animal. 

One of the biggest iron ides with i)eoplc, however, is that they get 
tired. You cannot work all tlie time because you have to sleep now 
and then. And you cuuiKjt even work all your waking hours, at least, 
not if you want to work efficiently and live as long as most poo])le man- 
age to live. The problems of how long we can work without falling 
over from exhaustion, of how mneh rest we should have, of huw long 
the working day shoidd i>e arc just as important as the problems of 
equipment design. They arc tiie lu’ohlems we deal with in this eh a)) ter. 

THE PROBLEM OF FATIGUE 

Fatigue in important. In the last half-century, and even before, 
probably no tcjpie has recchxd (luitc so much eonsi stent attention as 
the ainomit of work one man should be expected to do. There has 
been a j)rogrcssivc shortening of the number of working hours in a 
week, and (here probably will be even more si lor toning in tlie future. 
Some of this change has come about because of humanitarian intGre.sts, 
some because of technical advances. There has also been, however, 
increasing recognition that the efficiency of a worker depends on how 
many hours a week he works, or how long he works without a rest 
pause. We now realize that one worker can often produce more in 40 
hours than he could if he were working 60 hours a week. 

We know tlial fatigue is important, and most of us Uiink wo know 
wlnit fatigue is. At least we have a lot of words to describe the various 
feelings and effects of fatigue. Words like weary, tired, exhausted, 
spent, worn, all describe our feelings when we liavc various amounts 
of fatigue. And yet the problem of fatigue has been, experimentally 
at least, a very tough nut for psychologists to crack, we do 
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GXj}ormiciiis, wc niul tilings Unit act likc^ faliguo wiion wo llunk no 
fatigue sluuild ho there. Or wo tiinl no in('asural>lo ertV(‘ts of fatigue, 
when wo know the effects ought to bo Ukto, i)C!Cuuso the sul)joois say 
that they foci tired. 

Kinds of foiigue. Those many dinicidtics have made ])oo])lc try to 
distinguish among various kinds of fatigue, as a way of siraightoniug 
out «oine of the proh]en}s. TIjo usual disthndion is between inciital and 
physical fatigue. Such a <lisiinoti()n, however, is probably more useful 
when applied to the* work, rat)»er Umn to tlie elTeets of work. It is true 
that you get <tiffercnt effects with tlifferent kinds of work, !)ut all these 
effects can occur wifli all kinds ttf work. And tlicre is (.ho furtlior coin- 
plication that boredom, sometimes calic(l psychological fatigue, gets 
treated as a kind of fatigue. Boredom is primarily a problem in social 
motivation, and wo shall nut discuss it here. 

So?»ii3 Symptoms of Fatkuif 

It is all very well to talk about fatigue, h\it if wo waul, to do some- 
tiling about it, we m\ist be able to measure it, for, if we cannot measure 
fatigue, how are we g(jing to find out wliat causes it and Imw to prevent 
it? There are several ways of measuring faligm^. To be jnorc jircciso, 
of course, wha(. wo really measure are the cffecU of fatigue, ami those 
dfects call be timuglit of as Oio symptoms, All these symphaus are 
changes in the behavior of the worker, changes due to continued work 
at one job. 

Changes in performance. In many jobs, tliero arc progressive 
changes in performance the longer a man works. By cliange.s in j)er- 
formance wc mean performance wliich is overt and directly related to 
the job. AVe shall sec later tliat there are many different kinds of 
change in performance. As a man shovels coal, for exainiilc, lie shovels 
less and less the longer he works. That is a change in performance. Or 
a typist may make mure CJ-rors as the day goes on. In other jobs, the 
variability of work may change. A worker setting controls on an auto- 
juntic inaclune, for example, may be ]os>s and loss ron.slslont in selling 
those controls as lie continues work. 

Greater energy ex^)enditur€. Many times, i>a?'t}cularly with very 
strong motivation, a man may work at a liard job hour after hour with- 
out any imticealile deen'us(‘ in output. Ife gets just as much work done 
at the end of the day as he did at the beginning. In keeping Ids per- 
formance iq), however, lie may lie using more energy at the end tlnin 
at the beginning.'' Few of us ever work at the top of oiir real capacity, 
physiologically speaking. As we get more and more tired, wc may work 
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Imvdor and harder in order to keep output the same. But workinp^ 
Jiardci’ and Imrdcr takes more energ}^, and it is possible to get some 
measure of the extra energy used. 

One study, for example, sliowe^l tliat n man uses about 20,000 cubie 
centimeters of oxygen per mile if he walks at a rate of 2 miles an lioiir.-'^ 
At a rate of 5 miles an hour, he uses over 25,000 cubic centimeters of 
oxygen per mile. This is certainly much less elficieut, because he uses 
more energy to get the same amount of work done. Likewise, we can 
expect that he will use even more oxygen to do the same amount of 
work after he has been walking several hours. 

Physiological effects. It is hard to say exactly what we mean by 
physiological cflicimicy. There are many physio logical changes that 
occur when we get tired or exhausted. These changes may indicate 
lowcnai efficiency, hut we cannot always be sure. They may simi)ly 
l)e by-protlucts of a general fatigue effect, Ami, unfortunately, we 
often find no measurable change sliort of cuuiplctc exhaustion. 

The U. S. Public Health Service recently made a study of fatigue in 
almost 700 truck driversd*^ This study sliowerl that the average heart 
rate of the drivers was 83 beats per minute if they had done no driving 
for some length of time, but that it wont down to 79 iiftcr iO or more 
liours of continuous driving. The blood pressure aLso was slightly 
liighcr after long hours of driving, althougli tliis increase was much less 
consistent than the drop in heart rate. Most of the other j^hy.siological 
factors showed little or no clTect even after 10 hours of driving. Physio- 
logical changes can be fou ml, then, but we are not always sure that 
they are a good measure of fatigue. 

Unnecessary motion. Another measurable effect of fatigue is the 
amount of waste motion a man makes — motions that do not helj) get 
the work done. Most of us have certainly noticed tlmt we wriggle 
in our scat more at the end of an hour’s lecture than at the beginning. 
After studying a long time, we want to get up and walk around. These 
extraneous unnecessary motions increase as wc get fatigued, and they 
give a good indication of the presence of fatigue. 

There l)ave been sevei*al studies of eye fatigue, anti most of theju 
have not found any re«al change in capacity for performance on the job. 
But unnecessary movements increase, and the rate of eye blinking in- 
creases, the longer we work on a jol).^ 

Subjective feelings. We must not forget, of course, that subjective 
feelings of fatigue, even though tliore is no change in ])erformance, are 
iinportuni. Tn fact, most of us ])refer to trust otir fetdings instead of 
some indirect measurement of our fatigue. If we feel tired, we proh- 
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a])]y are iiml. Oiir feelings ean bo (luantifiod liy luiving us rate 
wiMi i!\inib(M‘s. For example, if you feel real good, we eoiiid give you a 
i'aligu(‘ sr'nre of 0. If you never fell worse, we could cull Unit 10. And 
otlior feelings eon Id be rated between these two extremes. 

Stuclies Unit bave measured subjective feelings are unibiguous. 
Sometimes subjective b'clings agree well with iJcrformanee. At {)Uior 
times, tliejT seems to be no relation between tliem. Oceasiomilly, the 
worse we feel, tbe nior(‘ work we get done. When this luipj)('ns, it usu- 
ally means that oui* motivation lias increased. 

Problems of Measuukmicnt 

Direct measures. Depending on wind we Avant to find out, any one 
or all of these measures of fatigue are \iseful. If wc want to discover 
the underlying pliysiologieal basis of faligue, ineasur(‘s of energy ex- 
penditure are very good. In most real situations, however, we are pri- 
marily interested in only one tiling: Has the perfonnnnee on the joli 
changed as a result of longer working periods? Does produetion de- 
crease? Does variability increase? Are more errors made? "riiese 
are tbe questions and problems we are normally concerned witli. A 
maids feelings may be important, Imt, from tlu' purely prae.tieal point 
of view we have taken in this book, those feelings are not so important 
as what he does. 

In this discussion, then, of the effects of fatigue, we sluill concern our- 
selves almost entirely with changes in performance on the job. 

Molivaiion. 'Dm problems of good .seionlific juoasurejmad are diHl- 
cult, One of Uie biggest problems arises lieeniuse we have trouble (5on- 
trolliiig the motivation of the subjects in our exiieriments. If we want 
to predict what will happen in a real situation, we would like motiva- 
tion to be the same in our test situalion as it will be in real life. INIany 
times that is impossible. And actually there are times wlieii it really 
is not desirable. In order to get the fullest luidcrstaudiug of fatigue, 
we want to isolate all the factors involved and study each of them by 
itself. 

Kinds op Wortc 

The efl’octs of fatigue often depend on the kind of work done, and we 
liavo to look for different things on different jobs. Although it is im- 
possible to mnke any hard and fust classiAcation of kinds of Avork, the 
fnlloAving groupings will probably liclp our later discussion. 

Phyiiical tasks. Rome tasks arc almost purely ])hysicul in nature. 
Very little perceptual skill is involved, and the fatigue effects are alim^st 
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alwnys inusonlar. Some physical tasks involve a rapid cxpcndit\ire of 
like running a fnnt race. Others are repetitive job.s, like using 
a handsaw. Still otlicrs involve postural restiictions, like standing at 
attention. 

Payrhomolor tash^. An intermediate class of work involves what 
we call psychomotor tasks. These tasks, in general, have both physical 
and motor or muscular aspects and are frequently prnl>]ems of coordi- 
nation. Cot)rdinaiing the eyes and hands, for instance, in racial’ ti’ack- 
ing is a psychomotor task. Driving a car or truck is another psycho- 
motor job. There is also a large classification of work called skilled 
laljor, wWivh in most cases is roallj^ jisychomotor work. Operating a 
lathe or other precision machinery involves t)oth motor coordination 
and perccjitual skill. All jobs that require a high degree of coordina- 
tion between wliat wc sense and what wo do are psyohoinotor tasks. 

Mental work. Still another type of w(rrk iiu’olves practically no real 
muscular eirort, Reading a book, for instance, we can class as a inental 
job. Problem solving and tasks involving a great deal of judgment and 
decision can also be called mental. \\'c arc not trying to make an argu- 
ment f(u’ tlie mental versus physical here » and wc use the tci’iii mental 
only because it is a cfjnvenient classification, 

FATIGUE AND PERFORMANCE 

In tliis section wo shall discuss some of the effects fatigue can liave 
on j)erf on nance. AVc shall .see that some of these effeel.s are found wutli 
almost any type of work; others are often found with limited kinds 
of work. 

Production Rate 

Qxiantitij, The first thing we usually expect when we talk about 
fatigue is that the prodiudion rate gets lower the longer a man works 
on the job. The quantity of work a man does bcconies less. Either 
he gets less work done for each operation, or it takes him longer to com- 
plete a single piece of work. 

Muscular work. Several years ago a series of experiments was done 
at Columbia University on the effects of continued Tliesc 

experiments were concerned with muscular work, and the experimenters 
user] several kinds of muscular activity. They liad tlieir subjects lift 
weights with their lingers, with their Ixaiids, with their arms, and with 
their feet. They also used a laboratory kind of rowing, with the same 
kind of muscular cfTort we have to put forth in rowing a boat. Figure 
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178 filiows Llio kinil of work-output curve they ol>tiunc<l in most of 
I, hose expi'i-imciils. 'Die longer a iniin worked, tlio less work lie eoulil 
tlo, unl.il he eould no longer move the weights at all. 

'I'he kind of work-output curves shown in Figure 178 is not very often 
found under real work conditions, heeauae wc rarely work so hard (liat 
eventually we eaimot work at all, Tn the Clolumhia experiments, the 
motivation of the subjects was very high, and they cmild be asked to 
work veiy hard continuously. The curve shown here can bo thought of 
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Fro. 178. Tlir faii^uo curve for ctmtinuons uiuntailar work, 'rhus curve shows how 
work (Hil.pul- tlrtilbs t'rnni its maxiimun valiu' as the wtuK is contiiuK'ti. 'riiis typo 
of work curve is found priiuiirlly wit,h luaivy muscular tasks. Willi liglit.tu' work, 
or porceptuiil-inotor work, tiui work output tioi's not drop oiX so rapidly and 
sometimes docs not drop at nil. Likewise, if the work wim'o not continuous, output. 

would hold up better. 

as llic basic fatigue curve for muscular work. If work is mixerl with 
rest pauses, the curve will not fall so rapidly. If iiie rest pauses arc 
long enough; of course, there will be no drop in tnjtpul at iill over very 
long periods of time. 

Psjichomof.or work, A continued drop in production over a period 
of time is most often fonml with muscular work. Mental work and 
psyelioinotnr work often do not call for real muscular effort, and, if 
we look for i\ drop in quantity of lU’oduction, wc sometimes cannot find 
it. Yot fatigue a/Teets psyehomotor Avork as well as nmseular Avork. 
Wc have to look for ditrerent clYecis. Errors, accidents, slower reaction 
time, lack of jArecision and coordination, all occur as a result of fatigue 
cm lAsychomotor tasks. 

Eruors 

Another effect of fatigue can be found by analyijing errors made in 
production over a ])eriod of time. Frecpiently the number of errors will 
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inor(niHo, even tluM’o has heen no serious dro]i in qnantiiy of 

])ru(luclion* Such a rise in errors is an iiulication of fatigue just as 
much as a drop in production. AVe should perhaps emphasize the fact 
Unit fatigue can sjiow itself in many ivays other than a drop in pi’o- 
diiction. 

Typing ei'rors. A good illustration of the increase in cri't>rs can be 
found in studies of typing In one experiment, subjects were re(|uirefl 
to type the letters vbn in b'cqueiice with tliree different fingers,-^ They 
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Fjo. J79, Tlic of lyping errors i;a*ro«tfcs ns #^ro<‘Uer nod pr^nP'r amoioUs of 

work are dono. Tlie diitii pn'sriilod bore worr oMuiiU'd l)y huviiis inou type llio 
Icitcrs vbn in roliUiun witli three differ on I finj^ers, Siii(*o oaoli line oonsislod of 
50 lot Levs, more tlnui half I ho letters typed wt‘re wrong at the oiul of the work 
period. (After Robinson and IMHs, 1920) 

typed 50 letters on a line, and ke])t typing line after line. The aver- 
age time for typing a single line increased at first, l)Ut la lor deer cased 
toward the end of the work iieriod. AVhen errors were analyzed, how- 
ever, it was found that they continued to increase tl trough out tlie 
whole work i)eriod, as shown in Figure 179. The change in total work 
done was very small compared to tlie increase in number of errors. 
In fact, toward the end of the work period, over half the letters typed 
were wrong, 

\Ye can expect errors to increase in many tyjies of work. Any task 
that requires a worker constantly to set controls, or read dials, will 
]irobably show an increase in errors toward the end of a M^ork period. 

Accidents 

Another measure of performance which is closely related to errors is 
tlic accident rate. Industry Jias found that an analysis of accident 
records is very valuable for many kinds of things. Workers can he 
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sclcrtod for low arridc'ut. niirs, tniu'lunes (vin he redosi^^notl to lower 
itooitleiil rates, and we could mention nuiiiy more. Itij^hL now, how- 
ever, wo arc cont'(?rned with the prohleni ol Inti^ue, 

'rime of day. Some years aji,o, 
reeords on iiidnstriul aeeideiits were 
eompiled over a lon^ ])eriiHl of time 
from Germany, England, and the 
lhiiie<l States. These records w('re 
analyml to show the iiuinl)er of 
aeeidonts at din'eront hours of the 
working day.’** In Figure 180 wc 
have shown the percentage of all 
accidents that occurred during suc- 
cessive hours of work. Many of 
these data were obtained at a time 
wlicn 0 hours of work straight 
through was common. You can see 
from tliis figure tliut nearly three 
times as many uccidents l)aj>])enecl 
in the last hour of work as in the 
first hour. About d5 jiercent of all 
accidents ot'curred in tlu; last third 
of the work period. 

Those are very impressive figures and once again should remind us 
that tlie elTeets of fatigue can he found in many and varied places, 

Variabiljty of PKnFOUAfAN(a': 

In Chnj)tcr 3 we saw that variability of work was an important 
problem. A lot of work lias been done trying to reduce variability of 
performance in many different jobs. If u man has to make a lot of 
adjustments in a machine, wc would like him to make all his adjust- 
ments the same. If he is consistent, then wo can adjust tiie machine 
to take care of any constant error in his work. But if lie is very in- 
coJisisteni, our real problems begin. 

A'Ixtscidar work. Perhaps one of the best indicators of fatigue is the 
variability of a man*s work. The more tired a man is, the le.ss con- 
sistent he will be. This variability occurs in almost all kinds of wtjrk, 
although the kind of variability may be different with different jolis. 

Ill heavy mii.scular work, tlie average amount of work done decrease's 
as (he worker gobs fatigued. Along with this decrease in amount of 
work, there is usually an increase in variability, as shown in Figure 



Successive hours of work 


Ful 180, Tkjx curves kIiowh dmt the 
inmibt'i' of indiislrial amilonts in- 
(*T(‘usoR with a greuter iuuoIk}!’ of 
.sncoes.sive hours of work. The diila 
for thin vwvvv wore {>bUuno<! from 
surveys in (h'rmany, Kngliiiul, niid 
l.lio UniU'cl Stall's. (After Miisoio, 
1020) 
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181. In that /ignre, wg have j^hown relative variahilit;^. Now, sinco 
the average work dune was lesfs toward the end of the work period, the 
relative variability would increase if the absolute variability remained 
the same. 

fn (Hie of the Oolumhia experiments mentioned previously, varia- 
bility^ of work o\itj)iil was determined with various kinds of work,^^ 
The experinicnlers ineasurod the tnal-to4rial variability over short 
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Pin. 181. This curve shows that the relative variubi)it.v of work oul.put incroiiseg 
wifh Jennifer aniouals of work. The ordinate is a measure of the variability of 
work oil I, nut divided bj" the average work for a short period of lime. This type 
of variability occurs with falij^iie ('urves liko that shown iu Pi^^uro 178. \Yith that 
/.ype of fatigue curve, absolute variability tends to incioase atso, but relative vari- 
ability increases consiikrahly more. 


])Gnocls of time and dividc<t the variability by the average work cloae 
in tluit period. The curve (^f relative vanability they obtained was 
very similar to that sluwm in Figure 181. In that same experiment, 
there was some increase in aljsolute variability as well, although that 
increase was quite small compared to the increase in relative varia- 
bility. He can expect, tlien, that variability of woi’k output will in- 
crease when the worker is fatigued, even when work output has de- 
creased. 

PsychoinotOY work. In many types of psychomotor work, very 
little muscular effort is called for. And frequently there is no evidence 
of fatigue over long periods oi time, if we look only at the average 
work curve. If, however, we look at the variability of performance, 
we may find some sur})rising changes. Variability may increase very 
rapidly, even thougli the average i)crfonnancc has not ctmiigcd. Such 
a situation is grapJdcally illustrated in Figure 182, 'We recognize that 
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here it does not matter whether wo plot rohitive or absolui.o vuri nihil- 
ity. Since the average perfurmauce does not cliaiige, relative and 
alxsolutc variability are really the aame tiling. 

I^'oA'horo cxjienmenta. During tlie recent war, many experimeuts 
wore done at the Fox boro Company on the problem of radar true king.’ 
In this kind of problem, the oihcralor has to move a handwheel around 
to keep a small spot centered on a radar display scope. Not mueh 
muscular effort is requir'd in lids j(d>, bnl a grviil deal of cormlination 
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Fio. 182. In inuny (yix's of psyehoinotui* tusks, uverup;o p(‘rformniu*c' (Iumo shown 
as nil error fioore) thx's iu>i, befsomn worst* as t.he work is coulimu'd. Tho vari- 
aliilil.y of the perfornmnae ini'misos, Jjowevoj’, jis slunvii by Uie rnn^?e of en’or 
scores in this llgnrc. In this sitAialion, tlio only real Gvidoiino of fatigue is ih(> 
increased vuriabilii.y of perfonnaiieo. 


is necessary. In one of those ex]heriments, radar operators were kc]it 
at work for as long as 3 liours eontiiuionsly witlmut a rest ])crio(I, 
Over tlint length of time the I’ci^ords showed no decrease in average 
])erfoi‘inance, as measured by an error score. Bui they did show that 
variability increased by over 50 jierecMit. This is imleed an interest- 
ing finding. Kemenibcr that here tlie measure of pcrformauce was an 
error score — a score tliat indietiied liow consistently the spot was kept 
centered on the I’adar scoiie. In order for tho variability to increase, 
some of the time tlic radar oiicrutors ha<l to do better at the end than 
they did at the ihcgiiming. In a sense, they got htith better and worse 
the longer they worked. 

Otiikh Fatigue Effects in I^sychomotou Wonic 

So far, we have been talking about the direct elYeeis of fatigue on 
the Work itself. Our measurements have he(‘n in ter ins of (juantity 
and quality of production, in terms of aeeidenls or variaiiiliiy. In 
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many kiinls of psyoliomotor work, liowevor, it is almost imjmssible to 
get a good direct measure of pcrfonnance as the work goes on. In 
truck driving, for example, how do wc determine how well a man is 
driving a truck? Althougli it is true that we can measure accident 
rates, or even total time to drive a certain distance, those would be 
very insensitive and unsatisfactory measures. 

In jobs like driving a truck, we can study fatigue by studying the 
effects of continued work on psychomotor skills which themselves 
onglit to have a direct effect on the job, A.s an example of this type 
of nieasureincnt, and its usefulness, we shall return to the sl.iuly of 
truck drivers which we mentioned lu’evionsly.^^ These ivnek drivers 
were tested at stations in Baltimore, Chicago, and Nashville, for many 
different psycdioinotor and jiliysiological factors. 

Hand steadiness. Hand steadiness certainly should have some l)Gar~ 
ing on how well a man can dri^^e a truck. The tests on the truck 
drivers showed that hand steadiness decreases with contiinied hours of 
driving. Two kinds of steadiness measures were used. The drivers 
were disked to hold a mcial stylus in a small liolc for a short period of 
time. Every time the stylus touched the edge of the lu)ic,,the move- 
ment was recorded. The two measures use<l were {!) the .smallest 
hole the drivers could hold the stylus in without touching the sides, 
and (2) the average niiml)er of contacts made with the sides. 

The re.sulls showed that men who had done no driving after a long 
rest i)onod could liold the stylus in a hole in diainctor. 

Drivers wlio liad been on tlie road for more than 10 hours touched 
the sides of the hole, on the a’S'cragc, whenever the diameter was less 
tlmn inch. Likewise, men with no driving since rest nm<le 

an average of 71 contacts with the sides; men wlio had been driving 
uj) to 10 hours touched the sides 79 times ; and drivers with more than 
10 hours of driving made contact an average of 84 times in the one- 
minute test i)eri()d. 

Reaction time. Other psychoiiiotor tests showed clear effects of 
driving time. Both coin])lex and simple reaction time increased with 
a greater number of lunirs on the road, In the com])lex reaction, the 
dilvens had to reach for a pencil on a signal from the tester and move 
the pencil from one hole to another. The time required to do this was 
longer when the men wero tired. Other measures wore made of brak- 
ing time in a simulated driving situation. Tlio longer a man liad been 
driving, the longer it look him to get his foot off the accelerator and 
onto the brake pedal. 

The results of tlie simple reaction time tests are shown in Figure 
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183. In this test, tlic drivor.s had to turn a hi^li-spood timer off as 
sotm ns it was turned on. The tiiuei' rloek tlien si lowed Imw long it 
had taken tlio man to get the eloek turned off. Kigure ]iS3 shows tliat 
the Hiinj)lc read ion time inereir ed hy a luindredth of u seeoml after the 
drivers hud boon on the lujud for 10 hours or more. 

Speed of (upping. I'he drivers wcmt also tested on tapping rates. In 
this test, they had to tu]) u metal plate with a metal stylus as fust ns 
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Fia. 183. Simple roartiou t.iiut* heromeH Fid. ISI. 'i’lu! luuoimt' of Ixuly sway 

longer nfUM' inon (mvo heen (Irivinp; iiu'O'Uhes uUin’ nx'n iiuve Ixx'U iliiv- 

trucks sovoral hours. IhwUion lime ing trucks several liours. In this 

\vn.9 ineasDrofl by Jinving Iho tnick lesf., I, lie drivm'x slood (?recl wilii 

drivers stop a clock as soon us pc)s.^il)le Uadr arms across (.h<dr chosiH. Tho 

after it was started. They pressed n nieasurenieiil shown on tlio ordinulc 

i)UlLon to stop the clock. (After jemos is the total amount of iioad movc- 

el ai, 19*11) inent In a l-iuiiuile intm’val. (Afttjr 

Jojie.w d fd.f hMl) 

tlioy could for a period of 'Ih seconds. Measurements of iheir rule of 
tapping wore made at various times during the tost period. At all 
tiinos, s])ecd of taiiping was greater for those drivers wlio had not 
driven after a long sloop period. But the greatest difference of all 
was found in the last 5 seconds of ta])ping. This is interesting, because 
it shows that the longer n man lias been driving, the more rapiiUy he 
becomes fatigued on a now job. 

Body sinaij. Figure 184 shows the effects of driving time on body 
sway. In the sway tests, tlic men were rcciiiired to stand erect witli 
their feet straight and theii’ hands folded ucrtiss their eliests. Strings 
fastened to the t()})s of their heads ran up ovm’ pulleys and moa.surocl 
the total amount of movement they made while trying to stand per- 
fectly still. Figure 184 shows that tlic amount of sway increased over 
50 percent after long hours of driving. 
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Eye jacior^i. Still otlior tests showed that saccadin eye movements 
became slower anc( tiuit recovery from glare was slower after many 
hours of driving a truck. Also, the longer the men had been driving, 
the more trouble tliey had telling a flickering light from a steady light. 
The flicker rate had to be slower for them to sec that it was flickering. 

Alany other tests besides these were made, and most of the psycho- 
motor tests showed some effects due to fatigue. It is silly, of course, 
to ask whether there was any “less driving.” But we can still show 
that continued driving })roduced fatigue. And these fatigue effects 
undoul)tedly lowered overall driving proficiency. 

A Lowered Standard 

What is the basic nature of fatigue? Is it something that changes 
our capacity to work, or docs it simply change our porfonnance? Or, 
for that matter, can wc ever really distingui.-^h Ik » tween capacity and 
performance? These questions arc easy to answer for some types of 
work. Continued muscular work most certainly changes our capacity 
to do more work. Because it changes our capacity, it also changes our 
performance. In this case, tlien, we could measure a change in per- 
formance and assume that it means a change in ability or capacity — 
if motivation has not changed. 

But what al)out the menial and psycliomotor tasks? In many psy- 
choinotor tasks experiment after experiment has shown no measurable 
change in capacity or ability to do work. And yet many of these jobs, 
if not measured in a test situation, show changes in performance, that 
is, in t))e actual work done. What has liappened, and liow can wo find 
out what has happened? 

Cambridge stifdies. This problem concerned some psychologists 
working at Cambridge University, in England^' ^ The particular 
task tiiey were worried about was instruinent flying in aircraft. They 
wanted to know what happened to pilots who had to spend long hours 
flying on instruments. The pilot must read dials all the time and 
must make judgments about alignments and misalignments of the in- 
dicators on the meters. There is little point in sinijily measuring the 
jfllot’s threshold of discrimination, because he has to respond not only 
to a misalignment, but also to the direction of it. Furthermore, ho 
Jias to pick out the one jmsaJigned meter from many, 

AVlien they made tests of the pilots^ visual acuity in the laboratory, 
they found that the ability b? make very fine disci’iminations di<l not 
change over long periods of work. And yet in some of the jobs calling 



n78 


Worlcing and Rcdhuj 

priiTiftrily ft>r u visutil I-Ik^v found thuii |)tM'f(iruiun{‘c 

changed (juiU' (■(HisisU'ntly uver long ii('i'i()ds of work. 

Those jisychohigisls devised a task to delonuino wl>a(. was happon- 
ing, 'Phe ohservor had U) watcli a small iieeille, very niueh like Uie 


needle on instrmoeiil. dial.s. 
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1'lvt‘ry tiiH‘ 1 ' ill ii wliili’ ut iriv^uliir inior- 
viilri (.Ik 5 iimili' \v<Mii(i jump a snuill 
aniounl^j and (Ik* [lilol/ nbsorvors 
)uul lo bring Ibc i}a('ilio Imok i,<; 
zero. Ill tliis iyjio of tonl, iiorfonn- 
mice bccaiiio worso as the pilots 
(‘onliniicd ilieir observations, as 
sliown in tMgnro 185. But, if the 
observer was stopped nn<l given a 
test to ilelerinine (lie smallest 
movement he could clotcctj they 
found I bat ilie alnlity to make this 
jmrtieular diseriniiiml.ioii had not 
(jhanged. "Pile tired jiilot, ttien, can 
see jUvst ns small a difh’ronce as the 
frt'sli pilot ean, but lie does not ilo 
anything nliout it until the dil’l'er- 
(nice gi'ls I>iggin'. 

hi otlicr experiments, the Oani- 
la’idgo studies allowed Hmt perform- 
ance eonld he kept lijgh if suflloient 
motivation were used, nr if the 
observer had Ids attention brouglit 
back to the prnlilenn tn view of 
those results, these jisychologista 
felt that the fatigue essentiatly lowcn’s tlie pilot^s standard of wliat ho 
ought to do. His judgment about what the task r(j(piires has changed. 
He no longer fools that Jd.s best work is necessary and is willing to get 
along witli a little less effort We have to make a distinetion between 
the pilot’s threshold of discrimination and his threshold of wortln In 
some of these experiments, the iliresliold of diseriinination (abiUly) 
was as good ai- the end of 2 honrs^ work as at tlie be.ginidng, hut ihci 
pilot^s Uircshohl of worth, as indicated liy his perfornmnee, was tlirec 
and four times its original value, 

Labomtory e^rperiments. There is a real significance in l*Iiese results 
for lalawatoiy oxjjcrimenters. I?i the usual cxiieriment, iiiotivation is 
very high. In ilie laboratory, tlien, vve usually measure oapaeity, 
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Successive periods of 
continuous work 

Fig, 185. In miiny Idjuls of psyrlio- 
inotor work, jx'i’fcnninKM' Ixx'onios 
worsu ns ilio wnrk ts roalainrd, nb 
though ii cun be shown Ihut flu-n' in 
no roid (*hiuiR(' in capacity. "^J'ho lofit 
msalfjj shown honi tell us timt tlio 
obstu’vcr's (tbiliiy to do loci the iiiis- 
ufip;inni'nts has not chiuni;!'!! with time, 
bill the pnrfonnanfo tairve itnlieaies 
tlifti flic obxtirvcr n-ill nof, ir^porl .S'lUfh 
n small (lilTeronco hxUw as bo would 
at Iho bcjginniiig of tho run. 
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Characteristics of the Work Curve 

yince tho subject litmlly docs his best. But if wc want to find out 
about fatigue, we must rcfncmbcr to distinguisli between capacity anci 
])orforinaiice. What a man can do is one thing, ^^'hat lio will do is 
quite anotlier matter. 

CHARACTERTSTICB OF THE WORK CRTRYE 

Until now we have been talking more or less al)out the isolated 
effects of fatigue. As a man works through a pericxl of time, certain 
c))angcs occur h) liis perfonnancc. Because of the nature of tliose 
changes, we attribute them to fatigue. But many other effects occur 
as a man works over a period of time — effects that also represent 
changes through time. Some of them act like fatigue, but others do 
not. All of them, however, will together fleterminc what any particu- 
lar work curve looks like. When the work curve we get in an indus- 
trial setting docs not look like ii fatigue curve, we have to look for 
these other factors and attcmi^t to isolate the fatigue effect. 

Warmvuj up. Several of the characteristics of a work curve are 
shown in Figure 1S6. The top curve indicates the warniing-iip effect, 
which is quite the opposite of the fatigue effect. Willi certain kinds 
of work, people start .slowly and then gradually increase their rate of 
production. This gradual increase may be very short, or it may go on 
for several hours. In muscular work, for example, wo may have to 
limber up our muscles before wc can really start work, much the same 
as an athlete warms up before a game. In mental woi'k, the warming 
up may be a matter of getting ourselves organized before we can settle 
down to continuous labor. 

Beginning spvrt. In other types of work, just the opi)osite effect 
may be true. We ?nay start off with an initial enthusiasm which rap- 
idly drops off as we settle down to the long grind. The lieginning or 
initial spurt should ))e clearly separated from a fatigue effect. The 
beginning spurt is usually a purely psychological efiect and has little 
relation to fatigue. It may, however, be closely related to boredom, 
ill ilie sense that wc have less enthusiasm for the wuirk as time goes 
on. There are also otlicr joh.s where the steady grind does not call for 
full effort all the time. What often happens is tliat we start out at a 
liigli level and ilmn realize that we cannot keep that level. So we slow 
down to an evener but lower rate. 

End spurt. Just as we may start the day witli a bang, so we often 
end the day with a hurst of energy. This increased rate of production 
at the end of a work period wc call an end spurt, and it can occur 
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u'iil) abHost any kinr] of work. Sojnoliinrs tliis inrrcaso at t)ic end 
can ooinplotcly ufl'Hci llie ])rovioii« loss due to fati|i;uo. I'lnifc wo arc 
able to inemiso ouv rate after n long jieriofl of time, of course, is one 

of the best arguments llmt fatigue 
eluinges onr judgment of wliat we 
should do more tliau it alTeels our 
real capacity. \ f we always worked 
at tlic top of onr real eupaeily, an 
end spurt would be impossible. 

The end spurt, like the beginning 
spurt, is probably due ])riniarily 
to nioiival.ioual faelors. Just as 
wc have an initial onthusiasin for 
work, we (am also become (juite 
enthusiastic about the prospects of 
([uitting. The seeing-of-tiie-cnd 
has an itn])ortant effecd. on the work 
curve, 

Overall work CAitve. We liave 
aJjTady diseussed llio fatigue effect 
itself. The important tilings to re-* 
member are that an ovtM’all work 
curve lias all the.se factors in it and 
that the partieular shajic of the 
work curve depends on the relative 
im\)orlance of the oilier faetors. 
With a small fatigue effect, and a 
large warming up and end spurt, 
the work curve (aaiUl ac^tually rise 
throughout an entire morning. 
Under otlior conditions, of course, the drop in work could be more 
severe tlian we have shown here. 

Almost any work curve has at least two or three of these factors in 
it. Itealixing this, avc cannot say that a work curve as wo find it in the 
tyjiical situation tcJJs ns about Die amount of fatigue, d^herc may be 
fatigue wlmn iimduction does not drop, if the warm-up elTect is strong, 
and if we are motivated sufTicicuitly. Likewise^, nn initial rise in 
followed by a later drop does not mean that there was no fatigue until 
tiie drop occvirred. It is even possible to have genuine fatigue even 
though the over-all work curve rises steiulily throughout a .short work 
period I 
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P HI. 180 . 'riiis sIiowh how vari- 

ous clianuiti'i’isth’s of (lie work ('urvo 
can (!Oinl)ino to givrs an ov<M'nll work 
curvo tliat shows effects other than 
simple fatigue. The rotative inipor- 
tanco of th(' various work charaetcu'- 
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of Ihe overall curve. With u gi’ontor 
end spurt, for ejcamiile, the work curve 
may .se/uaDy rise id, tlio end of a 
work period. Such a rise would not 
nocessariiy mean that there was no 
fatigue. 
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THE LENGTH OF THE WORK PERIOD 

We aj’o conroi'nerl ivitJi pcopJe working wiHi inaeJnnes. Whea we 
work for lon^ periods of time, our efficiency drops because of fatigue. 
Tlie problem of fatigue is universal, and this makes tlie problem of 
l)rGventiiig fatigue just as univcM’saf. Fatigue lowers the cffieioiiey 
uf the worker, and we would like to prevent it if })ossible. Tlie pre- 
vention of fatigue, of course, not only makes the worker more effi- 
cient, but also usually keeps him hap])ier and healthier. 

Risst Peuiods 

Prol>ahly the most straiglit forward way of attacking tins problem is 
to ask how long a man should be expected to work. How long can 
one man stay on the same job before be becomes inefficient? If he 1ms 
become fatigued, how long does it take fur him to recover from tha( 
fatigue? 

Recover u from faiujue. One of the experiments at Columbia Uni- 
was c< a i corned ndth the prabJcni of rccovGvy from fatigue duo 
to muscular work.'’^ In this experiment, the subjects were asked to do 
the various kinds of muscular work — lifting weiglits with their fingers, 
arms, and so on — until they were completely exhausted. Fur example, 
if the subjects were lifting weights with their arms, they continued to 
lift weights until they could no longer move their arms. Tlien the sub- 
jects were allowed to rest for various periods of time. After the rest 
period, they were tested again to see how high they could now lift the 
weights. The results of tliese tests are shown in Figure 187. At 0 min- 
utes of rest, of course, they could not lift tlie weiglits at all. After 5 
minutes of rest, tliey could lift the weights with about 80 percent of 
their previous ability, and, after 20 minutes, they were back to about 
95 percent of their best work output. 

This curve tolls us that we recover from fatigue quite rapidly at 
first, but that tliore is a rather long slow period of recovery before Ave 
get back to where we started from. At the rate recovery is occurring 
in Figure 187, it would take nearly 40 minutes for complete recovery, 
which is a rather long time to wait. Normally, we would like to avoid 
having to take so lung to recover from fatigue. 

Intermittent rest and work. H the subjects in these experiments had 
not been so completely fatigued, it would not havo taken so long to 
recover. The more fatigued we arc, the longer it takes us to recover. 
Muscio has presented some interesting observations and calculations 



SS$ Worki?f{/ avd ResUng 

on this Ami lie Ims shown how short work pcM'iods cun bo 

more oilloient Uuui lonf»’ work periods. The exiK^riinents iic ivpuvU 
wore com: or 110(1 with wrught lifting with the middle linger. 

Tlieso arc his conclusions. If w(.^ lift the wc'ight one tinu' afUn- an- 
othcr, witli no rest pauses in botweini, veu’y soon wo nuinot lift tlie 
weight at nil. This wo luivo uhrady stMUi. If we lift the wc'iglit 30 
times continuously with no rest, i(. will hv. 2 liourn before we will l)c 
back to normal oirunency. If we lift the weight 15 tiini's running, then 



Fid, 137. Recovery from aft it vnrH)U>^ n'sl periods. J^ohjocls lifp'd wei^lds 

wiUi Mudr rmi^ors imtil th<‘y could no move Uu' \v('iglits. 'I'liis (mrve shows 

how dioiV ahiiily lo iifti Uu* weights recovered aftcM' various n‘sf. periods. Oiui 
Imudrod ])nr(:cnt Work onl.j^ui is i-he amount of work (IkW W('ro abh^ (,o do before 
any fatigue. Notice that roeovory siarts very rapidly )>ut ia not coinp!ol{! aflor 
20 minutes of rest. (After Mani5or, 1027) 

recovery time is reduced to half an hour. In other words, cutting the 
work in lialf reduces recovery time to one fourth. But if wo allow 
cnongli rest between each snecossivo finger contraction, therc^ will i)C 
no fatigue at nil over long I'leriods of time. With a rest interval as 
small as 10 seconds, for oxamiile, no noticeHl)lc fatigue will appear. 
The fingcj- muscles have ]derjty of time to recover in this sliort time. 

Now suppose we compare three different methods of working. In 
one metliod, wo lift the weight 30 times, then rest 2 hours (wliich vm 
have to, in order to keep on working). In anoUier method, wc lift 
the weight 15 times and then liave to r(?st luUf an hour. In the tlurd 
UiOfcliod, we lift (bo weight continuously, but with a lO-soeoiul rest 
period after each coiitrac-tion. In an 8-hour day, wc would lift tlie 
weight 120 times with the first method, 2d0 times with the second 
method, and 2,400 times with the third nuAhod, ^Jlioro is little (pies- 
lion liere as to which is the nmst efiiciont method. 
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A principle. This is only an ilhistration, of course, even tliou^li 
it is a true one. But it does cmpluisizc one rather important principle 
of work; TIic best way to prevent fatigue is to take a rest ]>eriod be- 
fore fatigue sets in. Recovery from fatigue is very rapid with snifill 
amounts of fatigue but becomes very slow with larger amounts. Don^t 
wait, then, until you are completely exhausted before you rest. You 
will get more benefit if you rest before you gel, tired. 

Voluntary rest ]>eriods. Rest periods are an essential part of every 
W(n*king sclicdule. And, if rest periods arc not scliedulcd, they get 
taken anyway. There are many stutlics showing that most workers 
quite consistently take unauthorized rest periods if they arc not setied- 
idod ))y tlie employer. The total amomit of time spent in tliese rest 
])oriods varies \Yith the type of work. In heavy work like building and 
roadmaking, for instance, as mucli as 20 percent of a workor\s time is 
si)ent in rest. In lighter industry, such as shoeinakiiig, the rest j^criods 
may take up only 5 percent of the total time. In general, fewer and 
shorter rest pauses arc taken when the total number of hours worked 
is small. But the general point is that most work cannot be done with- 
out fairly reasonable rest pauses, and, if the rest pauses are not au- 
thorizetl, workers will take them anyway. They have to. 

Scheduled rest periods. There are many stiulies showing that, if 
rest pauses arc scheduled, prodiietion can increase anywhere up to 30 
or ^JO percentd^’ Even though the scliedulod rest period decreases 
the total working time, there is usually an increase in production, both 
per iiour and i)cr week. The hourly increase in production is more 
than enough to offset the time lost resting. 

An illustration. We shall use a recent study as an illustration of 
the effects of rest pauses on production. This study, reported hy Mc- 
Gehee and Owen/^ involved routine office work. The 16 peoide work- 
ing in this office worked a 7-hour day, with a 45~minute lunch period. 
Over a periorl of 2 weclis, tlicse people vvoi^e averaging about 21 min- 
utes a day of unauthorized rest periods — ^tiine when they were actu- 
ally away from their desks. Guring this time, there were no sched- 
uled rest periods. Then tlioy were given two S -minute official rest 
l)eriods, one in the morning and one in the afternoon, but they had to 
work 15 minutes longer eacli day to make up the time. After official 
rest iicriods were started, unscheduled i^esi droi>ped to an average of 
8 minutes per day. When this is added to tlic ofRcial rest time, we 
sec that they actually increased tlie total rest time by a very small 
amount — from 21 to 24 minutes a day. 
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Furthermore, tlio proihiction records show 0(1 an ineroiisc in avora^o 
})ro(luction of 2S ])(^re(mt nfi('r ilio solK'duled iTst jx'riods wero started. 
In a scMisn, all that Imd happened was Unit selK^duU'd ri'st. jioriods wewe 
substituted for u n an tlu adzed rest, and yet jmaluotion iiuu’oasi'd. Why? 

The set for uwk, Tho answer to this “why’^ is a l)it dinUuilt, hc- 
eaiise it semis that tlie clToet of the rest periods had to do witli more 
than just fatigue. Tlic answer, however, is probably this. Most of 
us inanagG to adjust our Jevo) of perforniancc to tlie length of time wc 
have U) work, or the amount of work we have to do. For example, 
tlie ruriTior .starting out on a mile rim does not run ns fast as ho can 
right away. Ho knows that ho will not last long if ho does. He ad- 
lusts his initial speed to the t()ial a?noimt of running lie has to do. 

If a man knows ho has to work for only a minute, he will usually 
work har(l(T than if he has to work for 10 minutes. To illustrate, sup- 
pose yo\i ask a man to turn a erank as fast as he can for 10 sei^onds 
and for 5 minutes. He agrees and tries his best both tinies. Then 
measure how fast lu^ was turning it the first 10 siiconds. You will 
Hud that he did not (U7ink nearly so fast (in the ^^^'t 10 se(?ouds) with 
the 5-minuto job. In Ijoth instanees be thouglit be was working as 
hard as he eimld, and 3 ^(>t the record shows that Im was not. 

It is (juite likely that sohedulcd rest periods huv(5 this same effect. 
Tho selwdniod rest jiorhal gives a slauHa’ W(;rking ohj(H'tive. This 
antieij)aied shorter work period results in an inerea.sod level of per- 
formaneo. 

The best rest periods, Evinybody wants to know what tlie best 
solioduliJig of rest periods is. 1'liero i.s, unfortunately^, no single rest 
soliodulo Uiab is best for all kinds of work. Heavy work requires more 
frequent rest t))nn light work. The longer I lie loial w<a*k period, Die 
more rest periods we need. In general, rest periods should l)e more 
frorpient towards the end of (he day. But those are just general prin- 
ciples. 

If wo want to schedule rest periods, j)ro))nhly Mie besl« tiling to do 
is this. Get complete iirodiieiion recortls throughout- tho working 
period. Then look for tlie first drop in priHluctinn, The first rest 
period should bo given just before the drop occurs. Then get new pro- 
duotiou records. As soon as another drop in jiroduotion starts, jmt in 
another rest period. The length of the rest period has to be pretty 
niuch a trial-and -error business. For lUfist Icinds of work, liowevcr, 
the best length is probably between 5 and 10 miimles. 
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Hours op Work 

For many years it was assumed that the best way to ^el a lot of 
lu’ocluction was for evcryliody to work lon^ hours. Tlie longer we 
worked, tlic more wo got done. Tt was as .simple as that. There lias 
been, however, a jirogressivc deerease in the miiiihor of hours worked 
in any one day or week. But when a war eame along, tlie nuniiior of 
hours was increased again. It was still assumed that more hours 
meant more jiroduction. 

Some ilbistraitons. Muscio tells the story about .some Tasmanian 
apple gruwcrsd” Two brothers each had large estates and iiiaintained 
a group of aj)]de packers. All the packci’s noi'inally worked 8-liour 
days. But once a very large order came through, and one group of 
packers began to work 10 hours a day to cope with tiie nnusual or<lor. 
Tlic ()lli('r grou]) continued (o work only 8 hours, and lliey soon dis- 
covered that they were })a(‘king aiiuiit 5 cases a day more than those 
who worked 10 hours. Since the workers were on piece rate, they were 
losing money hy working more Imurs. 

There is aiuithcr report of a woinuii who worked as a yarn winder 
in England. Idle normal working day was 12 hours, l)ut she refused 
U) work more than 8> Tn addition, she occasionally took days off. She 
claimed that she could not do as much work in 12 liours as she could 
in 8, and a later check showed her to he riglit. Slie had gotten more 
work flone in IHO liours tlnin any of the other workers had in 237 liniirs 
throughout the same period. 

These illustrations point out the basic problem. It is hard at first 
to believe Diat more work can be done in fewer hours. Tt is easy 
enough to see tluit production goes down after we have worked a 
wliile, but what is not recognized is the fact that production is down 
all day long if the hours are too long. There can he a total loss in 
eflicioncy that more than offsets extra hours. 

Daily changes in profhiction. First let us consider just how pro- 
duction changes in a normal day^s work. Figure 188 shows tlie work 
curve for production in a plant working 8 hours a day.^^ Tlie two 
clifferent curves arc for light and heavy hand work. For liotli typos 
of work, production shows an initial rise (warming u])) and then a 
drop. This drop continues through the morning, hut there tends to lie 
a slight rise after lunch. Then there is a period of little change, fol- 
lowed again hy a drop in production. In general, there is more fatigue 
for the heavier work, but the curves arc otherwise very similar. 



i)Sf} Workmg and Hcfiting 

The shape of the work eorve dilTors from plant to plan!., and from 
job to job. Most daily produotum curves look somewhat like tliis 
one?, iiowcvcr, and so we call I Ids the ty|)icul work curve. 

Tcii-twiiV r/a/As. 189 shows 

flic work curves from u ]>iniit working; 
10 Ikku’s a day. These carves have the 
same geiioi'al shape as those in Fip;uro 
188, with oiw big exception, Jn th(i 
jiioniing tlie curves rise and fall, 
but in tile afternoon tlio drop in jn‘o- 
diu'tiou during the last hour is inuc]) 
gi‘(ad.er. Tiieiv is nuu*h more evidence 
of fatigue in the 10-hour plant lliuii in 
the 8-hour plant. 

In each of tlieso figures we have 
sliown relative production, and wc can- 
not coauiare the overall produelioii of 
one against the other. It would be 
dilficult because two dirforeiit plants 
were involved. The average produe- 
tiofi in each figure is 100. Ihit notice 
this about oacli curve, in the lO-liuiir 
plant tlic peak jirodnction is relatively 
)jig)jer lluin it is in Die 8-l)onr plant. 
'J'his means Uiat avcnigo production in 
Die 10-hour plant was not so close to 
peak production us it was in the cS-hour jilunt. 

Hours per loeek. It has been shown many times that a reduction in 
hours produces an increase in total [iroduction, or at least in iivoduc- 
tion ])or hour of work. Some results for dilfcrcnt kinds of work are 
suminariaed in Table 12. Tliesc data wore obtained when hours wore 
stiii relatively long, and the effect of the shorter hours is somewhat 
more striking than we would expect. In heavy haiul work, for ox- 
ample, reducing tlio hours of work per week from (i0,7 to 55.5 resulted 
not only in an lunirly increase in iiroducjtion, fait also in a weekly 
increase of 19 percent. 

Ill ail the cases sliown in Talilo 12, there was an increaHO in hourly 
production, altliongh there was a sliglit decrease in wi^ckly produc- 
tion for the ligliter work. In general, this seems to be true: A rediic- 



JS8. work vurvrs If>r 

(.wo kinds of work. Tiioso (Uirvos 
rthow roliilivc prodiicUon during 
variou.s liovjrs of Mio duy for fcht 
and luvivy liand woj’k. 'I'hf^ }u’o- 
diiction srorL'S .slnnvn on Uuf ordi- 
nate are adjusted m Uialaveragt^ 
prodiK^don is 100. Motire tluit 
l.lioro is luorc /align/' eOurL wkh 
tho hoavior work. C'urvrs like 
those are so frec|uonily found in 
indust vy that iliey are 4'allo<l 
typu'al work curves. (Affor 
Goldmark c/ o/., 1920) 
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tion in nunil)or uf working hours has more effect on total ]:)rocluction 
with heavy work than witli light work. 


Another study compared work 
It showed that niaximuni pro- 
duction per hour was obtained 
with the 40-hour week^ altliough 
maximum protimdlnn per week 
was obtained with the 48-hour 
week. In general, the many 
studies seem to agree that pro- 
duction 1)01’ lioiir is greatest witli 
a])proximately 36 to 44 hours of 
work per week, but that greatest 
production per week is obtained 
with work between 48 and 54 
hours. Any increase in hours be- 
yond tlmt usually results in de- 
creased product ion for the week. 

The machine or the woi'ker? 
Tins difference in maximum pro- 
duction per week versus maxi- 
mum production per hour points 
up another problem. If our aim 


weeks of 36, 40, 44. and 48 hours.* ^ 
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Ficj. 189. Daily wvvk for two 

kind.s of work with a 10-lioiir ilay, ThCvSe 
curves are of the same kinil aa those 
sliowii in Figure 188 but were obtained 
iu a plant working 10 hours a day in- 
stead of S. the greater fatigue 

effect here. (After Goldmark et ai, 
1920) 


is to get the maximum work per week from each worker, then a man on 


the average should work about 48 hours per week. Such a conclusion 


neglects, of course, any factors of mental well-being, general hapihness, 


and so on. 


Table 12. The Effect op Number op Hours Worked per Week on 
Relative Production 


After Ghiaelli and Brown, 19*18 


Heavy baud work 

Pleavy work, hand and 
machine 

Light work, hand and 
machine 


Hours xvorked 

Rclativo output 

per week 

Per hour 

Per week 

66,7 

100 

100 

60.2 

120 

106 

55.5 

187 

119 

74.5 

100 

ioo 

63.5 

121 

100 

55 . 3 

166 

113 

71.8 

100 

100 

64.6 

121 

102 

57.3 

133 

97 

76.8 

100 

100 

60.1 

121 

03 


Light work, macliine 




WorJchig and Resihig 

Bui [Jierc is anoLIicr jmint of view. Sii|>i)oNe onr nim is to get iho 
jinixiiHiiin production fruni oucli nuiclnne. 1 hcii, of conrsc, wo would 
waiiL soincwluLi shorter Ihum's, VVe would Uion want ouch man work« 
ing at inasinium hourly onicicuoy. Many times that is the correct 
point of view. In national einergoneierf, the machines are often as 
scarce as or scarcer than the workers. Keal etlieiency for an entire 
country, in those circumstances, would not call for tnorc hours per 
individual, hut for fewer })f>urs. 

work. One way to get greater production per machine is to 
use shifts of work. Each worker works a relatively short day, bub 
several workers take turns on the same machine. The most common 
type of shift work uses three 8-hour sliifis i>er day. There has been 
much discusfejion of the advantages and disadvantages of fclic shift sys- 
tem. If it is not eflicient for one wan’kor to work more than S ho\ii\s a 
day, tljon certainly wc jniist use some sort of n shift if we need to keep 
the nmchnie in operation. 

But the objoclitai has frequently been raised that night work or shift 
work is not ellici('nL Tlio worker has liis normal sloej) schedule dis- 
ruptofl, and it is claimed Unit this is had. Also, others feel that niglit 
work interferes witli social life at home. Actually, tiiese criticisins 
seem unfounded for the most part. There are great individual differ- 
ences, to be sure, Init juaijy work<?rs actually [uvfer night \v<M‘k, or at 
bust alternating day and night work. 

As far as the oflicienoy of shift work is concerned, the evidence, if 
anything, favors sliift work, Vernon has reviewed many studies com- 
paring the production of shift workers (peoi>b who alternate day and 
niglit work) with that of day workers.-^’ Tlic data sliow a greater 
hourly output for the shift workers compared with that of tlie day 
workers. Actually, in all the cases he reviews, the siiift wotkeu’s had 
fewer hours of work ])or week; so some of the advantage might liave 
been duo to tho stiorler hours railicr than the shift work. Tn any case, 
there is no good evidence that shift work (at least with the shorter 
hours) is bad for producldon. 

When clay work is compared to night work alouci (not on shift), 
there is again no advantage for the day work, ff a man stays on 
niglit work for a long time, however, lus prodiicUon seems tt) drop 
a little. The effects of the niglit work may ho cumulative and thus 
are not noticed in sluwt pericKis of time. If regular night work is 
planned, it probably is better to have workers change from day to 
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nij^ht shifty at fairly fn'rjiiont intervals. A t'hange every two weeks 
seems to be satisfactory in most cases. 


SLEEP 


We liave slunvn tlnii man is a more efTieient worker if he manages 
to get sonie rest now arnl then. But does it matter how he gets that 
rest? Is it all rig) it if lie just lies down? (Ibviously some of the time 
he has to sleep, and one of the ))ig questions is concerned wiili this 
pro!) 1cm of sleep. How much does a man need? Dues his efficiency 
decrease if he does not got enough sleep? 

Loss oj sleep. Many studies have been aimed at finding out what 
happens to a inan*s al>ility to work after various periods of time with- 
out sleep. A variety of tests ha'i'c been used to measure pcrforinance 
— tests like tapping, mental arithmetic, maze learning, and per- 
formance, May Smith, for cxamiilc, in an experiment on herself, slept 
iYj, hours the first night, 3Y^ liours tlic second night, and hours 
the third night,^* She used a memory test and a tapping test. After 
the third night of subnormal sleep, she was, if anything, better on these 
tests than slio haci been before. After she went (lack to a normal 
nigliPs sleep, she got worse again. 

Psychomoior tests. These results are tyincal. Loss of sleep up to 
100 hours does not seem to affect our ability in most motor and psy- 
choniotor tasks. And yet people feel fatigued if they do not get 
enough slcc]). The answer to this dilemma is that the tests arc not 
crucial. They do not measure the right things. It is cpiite likely that 
the subjects in these experiments have such a high level of motivation 
that WD cannot measure any real change in ]’)crforniancG. The tests 
are measuring real ability. As we have seen before, fatigue frecpionily 
affects performance without affecting ability. 

Abilily versus performa?ire. Edwards, for example, reports tlie 
elfects cm 17 subjects of staying awake for 100 hours.'* The psycho- 
motor tests showed very little change due to the loss of sleep. But he 
reports that on a mental test the subjects were able to perform 
only the greatest effort.’' It is very likely, then, tliat performance 
would have dro]')pc(l off much more rapidly if the su])3ects had not been 
in a laboratory test. 

General ejjeris oj loss of sleep. Specific tasls of alnlity, tJmn, do 
not show much effect of the loss of sleep, although lack of sleep seems 
to affect our higlier mental processes a bit more than muscular work. 
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War Icing and Reding 

In most rciHu'ts, howTVoVj [hero is evidt'ncc of real ]>orsonalii.y changes 
after many lumrs witlaml, sleep. Subjects bcctauc irrituble, have more 
daydnauus and even lialiucinatioiis, and become more absent-minded. 
11icy forget simple things (.hey ought to remember, and do not ])ay 
attention wlu‘n i.lu’y should. C.hiineron rej)orts the ease of a young 
man who managed to stay awake for nearly 10 <lnys continuously in 
an ex))cninenl, in see wlietlicr sleep was “just a had habit.” ^ At the 
end of that titne, he became so irritable and emotionally unstable that 
the experiment had to l)e dropped. He had ])c*gun to aecuisc the re- 
search staff of interfering with him and had develoiied I’cal delusions 
id jiersecution. 

How much sleep. Unfortunately, wo cannot say jus(- how much 
sleep a working man needs. Prolonged loss of sleep is very bad, ]nar- 
ticiilarly for our personality. But just how much a man needs de- 
pends on the kind of work Iks is doing and on his indivi<lual needs. 
S(nnc people seem to need about 10 ho\irs sleep u niglit, wlierea.s others 
seem to got along with as little as 3 or ‘1 liours. 

SUMMARY 

Tn tins chapter we have discussed some of tiu* prol}lems of working 
and resting. The lt»nger a man works, the more fatigued ho becomes. 
'Hiis fatigue can show itself in many ways. The worker may show 
changes in performance, in cdiciency, in useless motion, and in his own 
feelings. Even his changes in per fon nance arc not so simi)le as they 
sound. These changes may show up as decrensod quantity of j)ro(hic- 
lion, as incrcasc<l errors and accidents, or as increased variability of 
performance. Ancl wc have to l)e careful to distinguisli between 
changes in ]icrformance and capacity, because ofi.en fatigue does not 
change our ability, although our performance becomes worse. 

The best way to prevent fatigue in industry is to use sciiedulcd rest 
periods. These rest periods should come just hefoi'c the effects of 
fatigue arc noticed, not after. Also, man is not most ellicieut when he 
1ms to work long liours a week. Proliably the best cflicieruiy can be 
obtained with a work week of about 40 liours. 

The loss of sleep over long periods bus little effect on our capacity 
to work. The lack of sleep, however, may change our willingness to 
work and our standard about what is recpiired. Eiirthormore, after 
king periods without sleep most of us become irritable, and we cannot 
get along with others very well. 
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SO FATi WB HAVE ^f^^:ORRr) ONE VERV IMFOUTANT A^VKCT OE MAN-yiACIUNIt 

systems — where they work. Men and machines do not work in em|)ty 
si)acc; they work in environments of various sorts. Tlic conditions 
of these environinctits may make a lot of dirfereiice in the efliciency 
of men, and it hehooves us to list some of those factors and see bow 
iinjK)rtant they are. 

Indadruil a}>i)lic(itionH, In recent years business and iiulustnal eon- 
corns have spoilt niillioiis (if dcillars trying to inakc factories and offices 
more comfortable, more attractive places in which to work. More, 
higgc'r, and l)eltor lighting fixtures fiood our modern factories witli 
light almost as good as natural daylight. Air-conditioning plants keep 
the work area at an even cool temperature the year around. Sound- 
absorbing materials keep dowm ibe noise levels. In some cases in- 
dustrial noises have been replaced with other noises — commonly known 
as music — which arc suiiposecl to make work more pleasant. For eacdi 
of these improvements one can find dozens of reports in engineering 
and trade journals pointing enthusiastically to increased ])rocluctioa, 
decreased accident rates, and imi)roved worker morale. If \vc are in- 
terested in engineering psychology we cannot ignore these develop- 
ments. Wc ought to examine carefully the scientific studies tliat sliow 
the effects of these various environmental factors on human efficiency. 

Military problemfi. The need for studying the work ctivironnient is 
even greater when we consider military systems. Many of us know 
from exiHudence that most military systems ai'c not located in very 
comfortable places. Riding inside a tank, for example, is something 
like being in a l)oilGr factory Imilt on a roller coaster. Modern air- 
craft l)iss aiifl roar tliroiigh space .s() fast that sounds can just barely 
koc]) iij) with the ])lanc. In the space of a few minutes a man may 
he whisked up to an altitude wlicrc the air is so thin that a match will 
not burn. And many of us can testify that a sliip in a heavy sea suc- 
ceeds, wdth astounding speed, in reducing our work efficiency to zero, 
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Theso iinusurtl stresses that inechniiiKod war pliioos on man make i\w 
dosifrn of inan-maelnne systems nuudi more diiruudt. 

iVarliine deHtgif. tW liavi* already seen tiuifc man is tho weak sister 
in most man-maelnne combinations. If we put the maiMnachiiu' 
combination m an envinuinumt iinfavoral)lo to the man wc cannot ex- 
pect to Rct as much out ot the system. In many cascjs, the environ- 
ment is so important — and so stressful — tliat wc may have to design 
an entirely different kind of inacluno just so tlie iiinn will be able to 
work witli it. Let us ri(.e one illustrati<uK We all know that when it 
gets dark wc cannot read snmll print, tf, therefore, our system has to 
))e located in an cnviroinnent that iiiukI, 1)0 kept fairly dim, tlicn, ob- 
viously, the disi)iriy j)iU't of the system, tlio dials and scales, iiave to 
bo redesigned so Unit wc can sec them. But again, wc should notice 
that it is lurossary to r(‘dosign Ibc maebine, not l)ecunse the niachinc 
will not fuium'on in darkness, but because man's eyes cannot. 

EXPERIMENTAL PRORT.KMS 

Before cataloging some of the environnu'ntul conditions that affect 
lunnan enici('ncyt wo nuisi introduce a note of caul ion. Tn Chapter 1 
we descri!)cd the metlaHl of science as In'ing a method of controlled 
ohsorvntion. The importance of (‘ontrols in c'xia'niueiitation is proi)- 
ably nowhere better illiiwtra.tcil than in this hold. If a ])roduction on- 
ginccT goes into u factory, changes the lighling, and then finds that 
jU’oduction goes up, the scientist is not satisfied, I*Te wanl.s to know, 
“How can wc 1)C sure that the ligliting luut anytliiug to do with the 
increase in |)roducUon?" Maybe the workers learned how to do the 
jol) bettor in the meantime. Maybe tho new ])rodnctiun cngineei’ was 
poinilar, so that everybody spent less time grumbling. The scientist 
is not willing to accept the results of any factory experiments, no mat- 
ter how enthusiastic its author may he, unless ho is sure that other 
factors have been adequately controlled. 

Production up. We can get some idea about liow im])ortaiit these 
other factors can be from the results of an experiment done in the 
Hawthorne Works of the AVestorn Electric Gompanyd- This study 
extended over a period of 2 y(^ars, during whifdi time various experi- 
mental conditions were tried out on a group of 5 women who were 
iisscmbling telephone redays. One of the most important findings of 
this 2-yciir sUaty was that lu’oduction wont up no matter what the ox- 
l)erimciUcr did. He gave the girls two 5-mimite rest j)criods — pi’oduc- 
tion went u]>. He gave thorn two 10-minute rest j)eriods — j)rodiU 3 tion 
went up some more. He gave ill cm six 5-mimitc rest ])criuds — produc- 
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iic»n wcii(, up sUll more, l ie gave them free lunches— lu-odurtion \vent 
up. He Jet tlicii) rpiit work a ))alt-)]our earlicj’ ever 3 ^ zuglit — prmluctioa 
still went up. And^ even when he took away all rest periods and the 
free huiehes, ])roduction was still much higher than it had l)eeii to start 
with. 

The ariifact — morale. What was happening here? Well, the 5 girls 
were in a separate room. They knew they were being exporiiiient(*<l 
on. They knew that they were being given .special consideration, a!id 
tlu'y so enjoyed having this attention that their morale roaehe<l a new 
liigh. Anything the experiincntor did resulted in more production. It 
is this kind of evidence that should make us very skeptical about most 
factory experiments. 

Hidden effect a. There arc still other Ihings that we must keeji in 
mind when we lni>k at studies in this field. Few of them measure all 
the effects, or even tlie long-term ofiects, of re]>oated exposures to vari- 
ous kinds of environments. lA't us .see what this inoan.s. If \vc raise 
tlu) temperature of u work room a lilile, Uktc might be ab.solut(dy no 
change in the amount of work done there. But we could be fooled, 
Tlmre might ho soine hidden costs wlnoh do not slnnv in the (experi- 
ment— the workers might do a lot more gruml>liiig and eomphiining, 
the labor turnover rate might go up, acciflcnts might increase, and so 
on. In the long run, tliese oLlior effects iiiighi really l}c serious. So 
we must be very careful in making up our minds about tlie results of 
experiments on tlm working environment. No experiment can ever 
measure everything, and we must always think about other possible 
effects which the experiment did not measure. 

Cicniulative effects. Then, too, it is possible that some effects will 
not show up in our expeidments because a few exposures have no real 
effect. The real effect might not happen \mtil a worker has been in a 
particular environment for a long time. Take coal mining, for exam- 
ple. The air in a coal mine has a lot of finely ])owdere(! (*oal dust in 
it. A healthy man may work in a coal mine for months or years with- 
out any apparent loss in efficiency. But after many years, he may 
have inhaled so miudi dust that he becomes a total loss physically. 
The same sort of thing may happen to people who work around radium 
or in very noisy places — boiler makei's or -weaver's, for example. The 
point is that small doses might not have any real effect on a maids 
performance. But we have to remember that the effects of a had 
working environment might add uj) over a long period of time. Few 
experiments liave ever been done on these long-term effects. 

On the other hand, tlicse long-term effects sometimes work the other 
way. Take working at liigh altitudes, for example. If you have lived 
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at low alUtudew for a long imv and then inovi' lo u mountain ivgion, 
al)(nii 10,000 foot higl^, lot m suy, you will lind ( liul it is hni'il to work. 
You gel vwl of l)roalh easily, yon get tired fust, and might cv(m liavo 
a lot of trouble slee])ing. ■ But ufi.er u week ov so, you will notiee Unit 
you Ix^giii 1.0 gel yo\ir pep baek again. Your body nuikf's eerlnin aulo- 
malie changes to iiie nirelied air. Your rate of breatliing gradually 
clmuges, your bl<?od gets more red blood eelJs, the oxyg(Ui-(*arrying 
ability of your blood increases, and so on. So il is i)ossil>le lluil a new 
environment can have short-range effects Unit disappear after we have 
worked under the now conditions for a while. 

All these things should make us realize that we cannot always take 
imblished results at tlieir face vahie. If we look for really good ex- 
periments in this field, wo find pitifully few of thoin. There arc 
oiKUJgli of them, liowcver, for some good general conclusions to cojne 
through our screen oi skej)ti(‘isin. 

Other factors. One thing more. In tJiis elmptor wo arc going to 
look at the physical work environment. This does not mean that other 
things are not important, because tliey are. Morale, good leadership, 
letters from home, pay, and dozens of other psycliologieal factors play 
an iiuj^orlant role in the eflieieney of the working man — no matter 
whether he is a sailor, soldier, or fuetory worker. Ibit \ye have lo draw 
the line soinewlicre. So we will slick to the physical environment. 

ATMOSPITIOUIC EFKKGTS 

TEMPEUATimn AND HuMIDITY 

Almost all of us will agree tliat tlie tcmperjilure amt humidity of Um 
enviroiunent seem to alTect our jKU'fornuiiiee. In 1910, tlio Britisli In- 
dustrial Health Research Board attempted, after (5oiisidcral)le investi- 
gation, lo set down the (dnof requirenicnts for satisfactory boating and 
ventilation an the work space. 

Feeling comfortable. They found very soon that ])eopie differcci a 
lot in what they thought was a comfortable environment. After sam- 
pling a wide variety of opinions, however, tliey made some recom- 
ineiulations about toinperatures and ventilation which seemed to suit 
the average person. Tlicir rccoininemlations arc Unit in winter the 
best average lem))erature for very light work is about fib degrees Fahr- 
enheit, for active liglit work from GO lo Gfi degrees Falireiilioit, and for 
work involving juore mu.scidnr exertion from 55 to GO d(‘grees Fahren- 
heit. In hot weather they suy that tlie temperature slniuld he kept us 
low as possible by tliorougii ventilation. Tlicy furtiua’ recommend 
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that the Kiii>p]y of fresh air sh{)ul(l not he less than about 1,000 oiihie 
feet per person per lioiir and should prefLTai)ly be greater. In winter, 
the rate of air moveniont should bo about 20 to 40 feet per in inn to, 



Fiq. 190. Comfort zones for ligJU. work iii winter nnd }nmunci\ For oxpin nation 
see text, (llopriiiied witli periiussion from HentinOf vcntilndngf air condUiniung 

guide t 1948) 


and in warm weatlier higher velocities ai’c bettor. The relative humid- 
ity should not generally excoecl 70 percent and should be less if pos- 
sible. 

The American Society of Heating and Ventilating Engineers has 
also ]>ubJisl)od a comfort chart (Pigurc 190) which agrees pretty niucli 
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with iJie British data. This chart jj;ivcs summer and winter comfort 
:{ones wlnrli apply to p(^(»)dc in tlie United States only. It is also lim- 
ited to homes, ofliecs, jiiul similar environments where ilie amount of 
Work done j>s nonnaily ligljL There are two curves above and below 
the main chart whieli show the iioroentago of people who arc comforta- 
ble at various suiojoer wiid(*r lejuperiittires. 'J'ho ^iones marked 
oil in the center of the eliurt sliow tlie conditions uiuler which 50 per- 
eent or more of Uic peo]>]e are comforialdo, Notice that lUf^st pecjple 

are ooniforlahle wlien tlie vela- 
l.ivo humidity is between 30 and 
70 percent. In winter, most 
pe(;plc feel comforialdc when the 
t*lToctivc temperature is between 
03 and 71 degrees Fahrenlieit; 
in summer, between GO and 75 
degrees Fahrenheit. 

Temporaiuve (jradionh. An 
iniporfant condiliiffi Uiafc also 
has a hit to do with iho comfort 
of workers is the temperature 
grndicMit of the air. Tf the air at 
the floor is mueii (usiler than the 
air at tlie head l(*v(d — or if there 
is a lot more air movement near 
the floor — some woi’kers are al- 
most cerlain to (^Njiorience ex- 
treme discomfort, ''riie same is true for large temperature differences 
between dilTerent areas, for example, hallways atid work rooms, espe- 
cially for those workers who have to move around a lot. 

Comfort vermn efficiency. But we have to rlistiuguisli between com- 
fortable temperatures and tempera tu res at which we can work, if we 
have to, without any loss in efficiency. The two arc not necessarily 
the same, and, in general, rate of work does not drop off until the 
temperature is several degrees above llie comfortal)le range. 

Teiruperature and povformancG, During tl\o war, a study ^ imdev- 
taken l)y the A implied Psychology Pesearcli TTnit at th<^ University of 
Cambridge, England, investigated the effects of licat on wireless tele- 
graph operators who heard and recorded Mors<i messagi^s for several 
lumrs at a clip. This study was undertaken ])rimarily to discover 
how hot a room could got before the performance of wireless opei'alors 



I'a?. lai. IJfTor.v of u’iroJ<\sg opemtors at 
dilTcn'iiL (cnijn'miiircs. Wc hop that, 
uhovo 1)2 dealers of ((sinpanUui'c, mis- 
takes increaso inarlu’tlly. (After Mack- 
worth, loV)) 
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hognn io doU'nonite. The ex])oriniontcr \m\ his subjects sit in a hot 
ruoin at various teinperatures-^^TO, 85, 87!/o, 92, and 97 degrees Fahr- 
enheit. The results of these experiments are sinwn in Figure 191. We 
sec here the average niinii)cr of mistakes made per man per liour dur- 
ing ii 3-l](>ur n^orlc pci'ind at tlio 
various room temperatures. It is 
clear from this study that, al- 
thoiigh tlic most comfortable 
working enviruniuciit may be at 
a temperature of about 65 degrees, 
performance does not begin to 
deteriorate until tcinperutnres of 
about S7y> or 92 degrees arc 
reached. B\]t at tiic worst tmn- 
])(’vatiirc — '97 degrees Fahrenheit 
— the number of mistakes iji- 
oreased nearly Ion times. 

Temperature and Ja(i(/ne, It is 
also interesting to look at tliese 
(lata in another way. Shown in 
Figure 192 is the average number 
of mistakes per man i)er hour at 
the various room temperatures, 
with the data separated into the 
l^cr forma nee for the first hour and 
for the third hour. It is clear 
from these data that tlie perform- 
ance of tlio wireless operators de- 
toriomted markedly from the first 
to the third hours of work and 
that tl)e amount of deterioration 
was worst at the extremely hot temperatures. 

Humidity, Similar findings have been obtained in studies ® per- 
formed ill the Armored Medical Research Laboratory at Fort Knox, 
These data are a little more coiii])lete than Mackworth^s, however, lie- 
cause they include one other fac(,or-“luimidity. In this experiment 
the men wore recjuircd to march for 4 hours at a rate of 3 miles ]ier 
hour witli a 20-iKmnd pack. Tlie results of this investigation, shown 
in Figure 193, ])rove what most peojile suspected all along: It is a lot 



Fia. 192. EfYocl of lenipf'i’ntuni on inis- 
tak(*s of wirolc'S.s opera tors during tli(' 
first and the third liours of work. Higli 
torn porn lures ciiuso a nuich greater 
broukdown in porforinance in the tliiial 
hour tluin in the first, hour of opera t ion. 

(After Mack worth, 19*16) 
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hiinlvv to work well if ilio air is hot and sticky, C'onvorsrly, if the air 
IS dry, a man can tolcM-aio a much liotlcr tcinj)crutiirc* Just to see 
how this works (uit, let us look at the liKnres for a temperature of 100 
degrees Fahrenheit. At this tomi)Graturo work becomes imi)ossi))le 
wlien tlie Imniidity reaelu'S al>out 80 percent. If the U'lnperuture goes 
up to no degrees h'ahreniieit., then (lie humidiiy must l)e kept down 
to about 57 i)ercmit or less. It is important to point out. l.liat most 
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Fid. 193, ITow lomiu'nilure ninl hionidily an* rehiP'il in del<‘Muiniiii>: 

and “iinjio^sihh**’ eiivinmineiil.s It) work in. (yVflta’ Ficliiiu ot al,, lil'lf)) 

of the combinations of humidity and temperature tosteil do not occur 
in nature. But they do occur very fre(juently in many of the machines 
dreamed up l)y our engineers. One otlier thing tliat needs to be 
pointed out is tliat in both those Btmlies the subjects were acclimatized; 
lliat is, they lived ai 1Ik\so hanporatnms long enoiigli b? )(jL ihoir bodies 
got used to them. A jicrson who had not been exposed j)reviously to 
those temperatures would collapse under oomlitions which the acclima- 
tized iK'rson could take with only moderate di/ficulty. 

*U*'resh air/^ The Icinponiture of the air around iis, Imwevor, has 
nothing to do with whether or not we consider it to be fresh or stale. 
There are probably a largo nmni}cr of Ine.tors that coutrihulc Uj mak- 
ing the air around iis fool and smell stale. Body odors, fumes, or ex- 
halations from macliinery, and moisture are probably large contribut- 
ing factors. In most cases, rapid circulation of air in a room will re- 
move the stagnant element. In an experiment conducli^d l>y the New 
Turk State Clonmiission on Ventilation,-’^ men were required to lift a 
5-poiind dumbbell a distance of 2^4 These uwn wiu'e tested un- 
der two temperatures, GS and 75 dogrei's Fahrenheit, and with the air 
fresh ami stagnant. The findings of this experiment are shown in 
Table 13. From tliese figures we. can sec that jiruductiim, measured 
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Taulh is. FIffiscts of ATMOsi>iii>:nic Conditions on Physioad Work 
Data of the New York State (V)Tniiiissi()n on Ventilation 
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in lerjiis of the number of iiiiios these men performed tlie operation, 
was at its liigliost level wlien the temperature was 68 degrees and tlic 
air was fresh. If the. value for frcsli air is used ns the base lino, stag- 
nant air caused production U) fall off approxinmtely 9 percent under 
each of the two lomperaturos, l^roduetion dropped nearly 15 percent 
Ixdli with fresh and with stagnant <air wlion the temperature rose from 
68 to 75 f](*grees. Under the worst condition, namely that of stagnant 
air at 75 degrees Fahrenheit, pro(luotion was nearly 24 percent below 
tliat of tlu' most favora1)lc condition. 

Other related aUidicH. 'J'h(3 general fim lings reported here have been 
substantiated in a number of other types of industrial situations. The 
British Indiisl.rial PTeaKh Rescarcli Board summarized the results of 
studies in heavy industry, for example, iron aiul steel mills, cotton 
weaving plants, laui^drios, pottojy factories. Everywhere the pattern 
is the same. Production drops off, mistakes and accidents inoroa.se as 
the temperature and humiclif.y rise above certain oi>tinnim limits. 
These optimum limits vary from 65 to 85 degrees Fahrenheit, depend- 
ing on the nai\ire of the Avork and the amount of physical exertion re- 
quired of the worker. 

Lov) temperatures. So far wc liavc boon discussing temperatures 
that arc too high, and we ought to say just a word about tempera- 
tures iliat are too low. As one might expect, cxperiinents show that 
manual dexterity — the ability to make precise neat movements with 
the ImmlK and fmgors — falls off slightly at temperatures of 55 degrees 
Fahrenheit, and markedly ))clow 50 tlegroos Falironhoit. In a study 
of munition workers, for example, it was found tlmt the feircst acci- 
dents occurred at temperatures of 67 degrees Fahrenheit (see Figure 
19U. When the temperature dropi)cd to 52 degrees Fahrenheit, 
the accident rate rose by 35 percent; Avhen it rose to 77 degrees Fahr- 
enheit, accidents increased by 23 percent. 
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The hijluence of mcentivef^. It is gcnemlly iissiniu'd by (U'signors 
of luilitury (‘{juipnuMit i.hiit inccntivos nuiy coinjK'iKsiUe !br hot 
^i?k 1 liinnifl vn^rk Tl»o nr/^^innoni gors like this: The 

soldier and sailor under ))aUle conditions is so stronjvly nioiivuiet! that 
ho will not sudVr any loss in olTioionoy oven tlu)U[>;li ho may l)o working 
under tutvoj'so oondi(.it)us. Hiis sounds roasonal)Io and, if iruo, siiould 
bo somotliing to lake into aooonot. 'rhero are few ('x|>(?nnu*ntal data 
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i'Vj. ia-i, I'ho reliU.ivo fmineiH'n's of luiiior un'idoiifs iiir.uiTod hy inunition 
worla'i'j^ u(. (liflVn‘nt. 4'nvinMiin<'o(ul tmniKTiUun^s. Am<lout ra(('s iiro ndauiuliul 
ns p('rct*nlnr.os of the inininaun rule* found ui 07.6® F. Note llnd. accidtaiU in- 
croasod whnm^wr ibo was anjrh wnrijier or niueh (‘older, (AfO'r 

Vernon, 1936) 

on tliis pnddeni, hut wlnit Inis ])e(‘n done slunr.s that this assumption 
is not true. Mackwortli leslod dO siihjecls at various room teiuj)era- 
tures and with ordinary and lnp;h incentives. Under the ordinary in- 
centive conditions, the sul)jcc(s worked \nU.iI they were exiuuisted. 
Under the liigli ineeniivc conditions, Jlaekwortli used the strongest 
l)sych()U)gieal motivation he could create in the laboratory, He 
coaxed, pleaded, encouraged, and ])raised the subjects throughout the 
entire work period. High inccMitives got more work out of the men 
than did I lie ordinary inoentives, TJiat is to bo cxpoctod. But luu’o is 
the crux of the mailer: Kflieiency dropped off at the same tempera- 
tures and in the same auuumis, regardless of the motivation. High 
incentives increased the overall amount of work done but did not iiavc 
the sligliiesi offecl on the rclativo loss of cjncioncy at high lomp(?ra- 
lures. 

This is a lal)oratory experiment which obviously cannot dui>licatc 
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the oxlrenicly liigh niotiviil.ittn pniduecd by battle. But it indicatci^ 
that we must not assume tlint we can counteract the effects of poor 
working conditions by Iiigli incentives. 

Phytiical I'crHUn mental work. It is interesting to note, iiowevcr, 
tluit several studies .seem to iiulieate that menial work, under such ad- 
verse conditions, <loes not deteriorate so rapidly as physical work. In 
the telegraph-operal.or study, for exaniple, wc rcincnihcr that per- 
fornianee in r('('eiving Morse messages did not begin to drop until tenr- 
peratui-cs of about 87 degrees wore reached. In the New York study, 
where the men were doing some fairly heavy physical work, iicrforin- 
nnee drop]X'<l olT at 73 degrees. Men doing mental work show some 
tendency to take more fre<iucnt rest ])auscs under unfavorable condi- 
tions, but tlu' surprising fact is that mental work is usually not affected 
until the conditions lu'come extreme. The ai>plioation of these fiiulings 
to various nian-maehine systems should certainly be considered by 
design engineers. 

11 call li. It is worth backtracking for a mimite to consider an inci- 
dentiil finding in the Cambridge study® to which we referred earlier.. 
I.)uring the course of this experiment two of the subjects developed 
severe head eoids. The results of these two subjects in hearing and 
recording 9 consecutive code messages arc shown in Figure 195. Each 
nu'ssage t.ook about 10 mimilcs. 

Tlic bottom curves in each instance represent the average perform- 
ance of subjects when they were healthy, that is, not aufl’ering from 
a head cold. When they had colds, (he two subjc<'t.s started out with 
very few errors, but, as the work period progressed into the second and 
third hours, the errors increased enormously. Although this finding is 
rather incidental to the general problem of the work environment, it 
gives us an indication that there are many bodily conditions of the 
man that may affect his iierformance greatly. 

Temperalure and health. A final consideration of importance in 
siiceifying the t,emi>e,rature of working enviremnents is the influence of 
tcmi»enaure on health. This is not entirely a jisychological problem, 
but it is cei'tainly one which i'clato.s to the ultimate efficiency of woik- 
ors. Staii-stical analyses on this point arc far from complete oi- con- 
clusive, hut there do aiipear to he some dcfinit.c correlations between 
workci- heidtli and temperature. Sickness appears to occur more Irc- 
(pioutly among workers in environments wiiich arc bolter than opti- 
mum. This apiieai’K to he the result of rai)id cooling and chilling of 
the workers after leaving work. In one study of coal miners, the sick- 
ness I'alc was decreased appreciably by iiroviding them with a chang- 
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iiig nujiii aiul hath In this inhin^rir way, tnn- 

pnmlurc nuiy luivc an importanl iufliKaua* on ('(iKhiMu'y. 

Conclusion, Tlio ^nncrul trend of all llio sUuli<'>s of this sort is (dear: 
Atmospheric conditions interfering with nornuil or constant boily tem- 
perature reduce physical ('lliciem'y. 
Ventilation sysUans wldadi move 
and niter the air and whicdi coidrol 
temperature and lunuidity are usti- 
ally a sound iiivestnient fnmi ilie 
point of view of e/Ticient work. 
The point of all tliis, for our inves- 
tigations oil nian-inaehine sysicins, 
is obvious: If the systems are to be 
us(‘d in environments that are liot 
ami stuffy or too cold, wo e.annot 
(‘xpect I lie same kind of perform- 
amai from (he men operating the 
inacliiiK's that we (mn when the on- 
vironmeni is opiimal. 

OXYGION DkFICIKNCY 

Let us now turn to anoi.her as]>e<d. 
of tlie environna'ut around us. All 
of UH work and play, live and die 
at tlie bottom of an ocean of air. 
Ordinarily we pay very li(,tlc atten- 
tion to the chemical composition of 
t)iis medium, Oljomists loll us, 
however, that it consists of about nnc-fifth oxygon and four-fiftlis 
nitrogen, with a very small ]ierceniage <if other rare gases, The 
physicists tell us, ion, that the pressure of tliis air around us at sea 
level amounts to about 15 pounds per square inch. The chemical com- 
position and the prcRsurc of this air are jirotty constant all over the 
face of the globe — as kmg as \vc keep at least one foot on tlie ground — 
and wc ordinarily experience no diflictdty in getting along in it. 
Anoxia, In some of the cotnidcx machines develoi)cd recently, how- 
over, man does not stay at IJm l>()j.tf)m of t))is ocean of air. Our air- 
craft now are (>a])able of flying ns high as d() ,()()() to d 5,000 feel., and, 
unless the supply of aviators is limitless, we liad better know some- 
thing al)uut what lmi)pens t(» (he human organism at tliese altit^ides 
l>cfore wc soiul any u]) there. Physical experiments tell us that tiie 
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I'hd, 195. Number of mislukcH niiuhs 
by two opt'rutoi’s in viM-ordiuK njno 
conscdutivo Morst^ mt'SHugcH whoa 
they liad head rolds ami wlam they 
Were healthy- (Aflcr Maakworth, 
19JG) 
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pressure of air <leerenscs markedly as we ascend to hijrher and higlier 
ultitudos. AltJiougii the coniposiUon of the air docs uoi change, this 
means effectively that tlienj is less pressure to force life-giving oxygen 
into the body nt tliesc alUUitles. The condition U)at results wlion in- 
.sullicicmt oxygen is fed into the body system is called anoxia, k con- 
siderable amount of work has been done on this prohlcin during the 
war, and it is of soino interest to review briefly the iiuiin iindings of 
this research. 

Anoxia and perjoi^mance. As a 2 ‘esuli of experiments perfoj’med in 
the Andes Mountains, it is known now Uiat the top limit at which men 
can work comfortably for prolonged ])enods of time is about 17,000 
feet. Although there are individual records of men who have gone as 
iiigh as 30,000 feet for short times and have lived to tell about it, tiie 
oj’dinary person can stay coiiscious for oiily 2 or 3 niimites at such an 
altitude. These are the top limits, however. We also know that at 
considoral)ly lower altitudes the elfects of anoxia may result in greatly 
imiiaircd efilciency. 

The sense of sight is an extremely sensitive indicator of the cflccts 
of anoxia, and Figtirc 100 sliows the rclativ^c amount of light rcciuired 
for jhght vision at various altitudes. At an altitude of 14,000 foot, 
for example, a normal individual requires about twice as much light 
to SCO as he does at ground level. At an altitude of about 16,000 feet 
he requires nearly 2y^ times mure light. 

Other elTccts of anoxia also have been very carefully studied and 
documented,'-^ We know t)}at, at altitudes of 10,000 feet, the avej'agc 
person begins to sulTor from a dimming of vision even in daylight. 
Tremors of the hands apjieav, and it is diflicult to move then-k with 
any precision. Exercise, even of the simplest type, becomes diflicult, 
and a few deep knee bends may leave the individual panting and 
breathless. Worse tha?i tlicse effects, however, is the fact tl 2 at tliiiik- 
ing and memory become clouded and that serious errors of judgment 
are frequently made. 

An especially dangerous aspect of anoxia is its insidiousness. It 
sneaks up on one. There are no warning signs that tell a person he is 
sulTcring from anoxia. There is no pain, and, as a matter of fact, 
i)eo 2 )lo imticr tlio influence of anoxia tend to feel happy and gay. They 
may oven want to call up a dear old aunt in Los Angeles. Pilots have 
fallen over uneonscioiis before they ever susi^ected that anything was 
wrong witli them. 

Carbon vionoxide. Obviously, our discussion of the effects of anoxia 
is j)rinmrily concernerl with intricate systems sucli as aircraft that fly 
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to altitudes wlu'i’o anoxia ('an oocur. Of snnuMvIiat t)ron(l{M’ and more 
inimediuto ooiiecrn to ii« an* tiic noxious fumes and gasen. The most 
imj>orUuil of thaso is carbon monoxide. Carbon nionoxiflo poisoning 
produces anoxia in the body by destroying; the rod bhiori oells wliicdi 
carry oxyp:en to the various ])arts of tlio body, ft is now known iliut 
anoxia duo to carbon monoxide poisoninji^ alTe(ds visual ae\iity, hrigliU 
ness discM'imination, and dark adaptation just the sumo us tlio anoxia 



Fici. 106, riow Iho uninunL of for must Ix' inmviw'd at liipih iiltiliKh'S 

to offsc^L ilio f^a'oet of oxv^rfu Jjirk oil visit)!), (AfliT Pjiisoji, UHl) 

we suffer at high allitudos. For example, it has he(»n shown that a 5 
]>eroent saturation of carbon monoxide iu the blood has an effoot on 
the visual threshold equal to that of an altitude of about 8,000 to 
10,000 foot. Smoking three cigan^ttes may cnxise a carbon monox- 
ide saturation of i jiercent in tlie blood with an clToct on visual semsi- 
tivity equal to that of an altiUido of 8,000 fe(‘t. 

Carbon monoxide is a scu'ious prol)lom in all environments wlierc 
products of combustion, cither of engines or machines or explosives, 
may contaminate the air. It is important because Dery small amounts 
(jf oarl)ou monoxide in the atmosphere may alTiict clhcioncy enor- 
mously Thus, we know that a concentration of 1 i)urt of carbon 
monoxide in 10,000 will produce no symptoms for about 2 lunirs. With 
a concentrution of only 4 parts in 10,000, Ijowever, tin) air is safe for 
only 1 hour. If the concentration rises to 0 or 7 parts in 10,000, head- 
ache and unpleasant symptoms usually dewelop in less tlian an iiour. 
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A oarhon monoxide; c(>nccntration of 10 to 12 parts in 10,000 is down- 
riglit dangerous if the exposure lasts 1 hour, ami, if the concentration 
is as high as 35 parts in 10,000, it is usually fatal in less than 1 hour. 
Tile effects of carbon monoxide ]^oisoning are a little more noticeable 
than those of anoxia. Some of the coinnion symptoms are a tightness 
across the forehead, headache, throbbing in the temples, weakness, 
dizziness, dimness of vision, nausea and vomiting, and filially collapse. 

Air Pressxjrk 

So far, in talking about the ocean of air around us we have con- 
sidcrcil its temperature, its humidity, and the kinds of gases in it. For 
certain kinds of systems, however, it is important to consider another 
characteristic of the air, namely its pressure. Ordinarily we do not 
pay very much attention to the enormous weigtit of the column of air 
resting constant ly on our shoulders and our bodies. However, we 
know from physical nieasiircments that this pressure amounts to about 

14 pounds per square inch, si) that wc carry a load of several tons of 
air on our shoulders at all times. So long as we stay at this same 
])i'cssure, we experience no difficulty. However, tlio lunmui body, if 
it is subjected to rapid changes in pressure, may suffer some serious 
effects. 

Effects of pressure changes on the ear. If we change rapidly from 
low to high pressure, we may run the risk of damaging our ears.- The 
middle ear in man is a bony cavity inside the skull with two openings 
to outside atmospheric pressure.^. One of these is covered by tlie ear- 
drum which is flexible to some extent. If the pressure on one side of 
the eardrum is great, liowcvci’, it may easily be damaged or broken. 
The other opening into the middle car is by way of a thin tube, the 
Eustachian tube, which opens into the back of tlie moutii. 

If we go from higher to lower atmospheric pressures, the air pres- 
sure increases inside tlie middle ear until a pressure difference of about 

15 mm of mercury is built up between tlie air in the middle oar und 
the outside air. At this point the eardrum bulges out, and we cannot 
hear things quite as well as normally. If the ])rossuro difference in- 
creases more Uian this, the air in the middle ear blows out through 
the Eustachian tube and balance is restored. Ordinarily this process 
is automatic, and the individual is aware only of a click as the air 
blows out. 

In going from lesser to greater atmosplicile pressures, however, the 
equalization process is not so easy. The Eustachian tube acts like a 
flutter valve which makes it difficult for the air to go from the mouth 
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into the ear. Yawning, .swallowing, or shouting help to open llio inl)c 
for most iieoplo. Bui, if tlic inembrunos inside (lie luouih are induiued 
or swollen Iwanso of a cold, or if the indiviilual has sonic defeei in 
the structure oT the Eustachian tube opening, these deviees nmy not 
work. Ill sui'h eases, the eardrtiin heucls inward owing to the in- 
creasod pre.s.snro outside. If tlio air pressure outside boeoinos very 
iinich greater than the jirewsure in the middle ear, the curd rum may 
rupture and produce partial deafness. 

In going from greater prossure.s to lesser lu’essurcs, we 
may also experience serious symiitonis that go iiud(‘r a variety of 
names — aeroomholiKni, aoroemphysonia, caisson disease, or iiends.^ 
Yliis kind change is eiKamntcrcd in three types of oceupaiional 
gj'oups; oaifjson workers consti’uciang bridges, docks, and so on, l)clow 
the water; deep sea divers; and flying jiersonnol. The symjiUnns de- 
velop when the change from a greater to a lessor atmosphere is loo 
rapid, as, for example, a deeji sea diver coming up too rapidly, or an 
aircraft ascending to high altitudcH too vapidly. Tlio worker experi- 
ences pain in and around Uic joints, whieli rimy he mild at tlio outset 
but very often becomes gnawing and boring in cliaracbM* and may 
become so severe that it is inioleralile, Tliose si'Vere pains mui (aiiise 
loss of muscular power of the body member involved and, if the jiuiii 
is allowed to eonliuuo, may result in total collajiso. 

Other symptoms go by the name of ^hdiokes,'' which arc a severe im- 
]>airment of the breathing meclmnism of the body. The individual 
sufiors from a sensation of suffocation, and iireathing IxaJomcR ))rogros- 
sively more shallow ami diflicult, fre(piently resulting in collapse and 
uno(msciousnc.ss. Skin «ym])ioms also b-equeiitly develop, arid /inally 
there is a variety of n cuvologi on J sympUijns, effects on vision, otlioj' 
sensory disturbances, and loss of power of speech. A knowledge of 
these factors is obviously extremely important tor certain kinds of 
working environments. 

EFFECTS OP MOTION 

SPEI5J3 AND AoCKLDRATION 

If all of ouv aum-inacliino systems were built on nice sedid fotinda- 
lions, and did not show pheiionienul proclivities for traversing surd) 
vast areas of geography, wo would have a lot less to talk about in 
dealing with the general problem of the environment and its effect on 
the man who must work in it. Unfortunately, liowcvcr, our modern 
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man is not i)articularly happy to stay put any^vhero. He moves — 
and rapidly. This business of getting from one j)lace to another in 
the shortest possible time raises very serious problems in connection 
with engineering ])sychology. 

Speed (Jiiite a lot of work has been done on the jjroblujns of speed 
and acceleration, particularly as they concern aircraft. At the present 
time, many (jf our modern aircraft have cruising speeds of around 200 
and 300 miles ])er hour. VVe know that some special tyi)es of aircraft 
have attainerl speeds of about 550 miles per hour. There is consider- 
able uncertainty about the idtimalc speeds tlmt will be attained by 
aircraft in iUo future, but it is anticipated that, when present diflicul- 
ties with the compressibility factor are conquered, rocket fligiits may 
become a reality, and speeds of 25,000 miles per hour may eventually 
be reached. It is generally agreed tluit linear vclucity per se has little 
or no effect on the )>ody. Bui whether or not this general eonclu.sio 2 i 
will be valid when we start shooting around tlie sky in rocket planes 
still is uncertain. 

Iluntan reac/./o?i time. From the stand))oint of man-inarlune sys- 
tems, the effect of speed, even ttiough it docs not appear to harm 
the ijody, raises some other problems. If an aircraft is flying at 600 
miles an hour, for example, tliat means tluit it is making 10 miles a 
minute or about 300 yards per second. We know from studies of auto- 
mobile dri\"oi’s tljat it takes some drivers, even under tl^e best condi- 
tions, about three quarters of a second to react to a red liglit by 
pressing on the brake pedal. If our pilot, therefore, suddenly dceide.s 
to make a turn, he will have traveled several bundreds of yards before 
that nerve impulse can go from his brain down his leg, or his Inind, 
to oxe(*utc tlie decision. If, now, we add to this normal reaction time 
delays arising from the fact that the pilot cannot see Ins instruments 
readily or that warning lights or signals arc not detected immediately, 
it is very easy to imagine that a ]>ilot will react a mile or more late. 

Other problems of this soi^t arise too. We know from our experiences 
in World War II that in high-speed aircraft the pilot very frequently 
has only a second or two to line up his target in the gunsight. In 
short, as we increase the speed at which these various man-machine 
systems go Imrliing through space, we encounter more and more the 
problem of the normal reaction lime of the man who is operating the 
machine. 

g joi'ces. So much for the problems of speed as regards inen and 
machines, Muv\\ more dramatic effects arc experienced when wc con- 
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Uic of aoooloration, IJjal. is, clmug<'s in spoorl of n:iovo- 

ment. Tn ialkinp, about probloins of acrolonition, the s(nonlist uses a 
coini)lieate(l e(|Uii(,iou (lenv(‘(i from one of Newtou k laws wiiich states 
irluilp tile force is ecpiul to the mass times the velocity scpiared tlivided 
by the radius of rolation. 'I'bc force, in iliis ease, is expressed in units 
of tlic force of gravity, called r/. or the force exerUal by gravity on a 
unit mass. If the acceleration oeemrs in a straight line, it is called 
linear acceleration; if IIkmv is also a change in direction, [lu! acceha'a- 
tion is called centrifugal acceloraUon. Most studies luivc investigated 
the cilbcts of centrifugal acceleration,^ and these arc ilie ones we sliall 
dcsoril)c here. 

Positive g jorves. In terms of their effects on the body, it is impor- 
tant to distinguish between positive and negaUve g forces. Positive 
Q acts in the direction of tlio long axis of the body and from bead to 
fool,. K profluecs c/lVcLs that vary with the* magnitialc <d' the accel- 
eration, with the rate at which it is increased ami decreased, luul with 
the duration of its action, A force of -l-lp is wliat wc^ normally ex- 
poricneo in the iipriglit laisition. With a +2^; force, the principal sen- 
sation is an awareness that' the body is exerting pressure on the bosom 
of tlio breeches and tliere is a heaviness of hands and feet. I’lus 3/7 or 
4{/ produces exaggeration of this sensation of heaviness, and move- 
ments arc accoiuplisjK»d only with great eft'oil 'Hie sk<dotal muscula- 
ture becomes tense, resisting the tendciiey for the l)ody to h(‘ coin- 
pressed in tlie vertical dimension. Tlie trunk aiul head, unless well 
supported and maintained in a line ])arallel to the line of force, arc 
held erect only with great dilTiculty. 

At d-5/7 ihe ))ody is beyond t)je cojitrol of ilie jniiscJes except for 
slight movements of the arms and head, and for all practical l)uri)OSGS 
one is physically helpless. At this jHiiut, there is a distinct dragging 
sensation in the thorax, from the heavy traction of the intestines 
which normally float around loosely. The blood leaves the head and 
face, and in some cases there is a distinct diminution or comi)lete loss 
of vision commonly known as “blacking out.” The lower parts of the 
logs feel congested, and there niay be crainjhng of iljo calf nnisclos. 
Prcaihing becomes diHicult— probably due to the lowering of the dia- 
])hragm from the p\ill of the liver from below and tlie ])ressure of the 
heart and lungs from above. As acceleration increases tlie g forces 
from +5 to +9, there is no apparent exaggeration of these painful 
symj'iUmis, ]>()ssihly due to the unaestlieiic effect on the brain ])y it.s 
loss of blood. Vision, however, is lost (piite suddenly and is some- 
times accompanied jjy si>ots or ligld, na.s'he.H hcfo?T Ihe Chana 
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or unconst'ioiisncss usually apj^eara between +5 and -t-8f/, depending 
on ijidi vicinal tolerances. 

Negative g forces. Negative g forces, acting in tlic direction of feet 
to head, arc not coninioniy exporiencecl They do octuir, however, in 
certain kinds of acrobatic maneuvers in aircraft. At the sensa- 
tion is equivalent to that of hanging head downward. If wc experi- 
ence — Ig in an ufiright position, there is a moderate upward flisplacc- 
ment of the organs in the body and a moderate congestion of blood 
in ilic face. As the negative g forces increase, the feeling of conges- 
tion and distress al>oul. the liead and fare increases niarkcilly. At be- 
tween — 2 and — 3f/, the face feels higlily congested and there is a 
a throbi)ing pain throughout the head. At —3 to — tiie congested 
feeling l^ocouies intense, there is a sensation of greatly increased in- 
tracranial pressure, and tlie skull feels as if it is about to burst. The 
eyes feel as though they wci’c being shoved from their sockets aiul 
there is a dry gritty feeling in Ihe eyelids. In most cases, objects in 
the field of vision at this point appear red and give rise to the jUien om- 
en on of red vision, seeing red, or ^fi-edding out,’^ Up to about — 
whicli is the highest sustained negative g force that has been studied 
in the human being, consciousness is retaiued, but there is an increas- 
ing mental confusion. Tollowing such an exposure this mental con- 
fusion persists for several hours and may he accompanied by a severe 
hangovcT-Jike headache. In this and the preecYliiig paragraph, the g 
forces cited are for exposures lasting a second or more. M\ich higher 
forces can be tolerated if the exposure lasts less than a few tenths of 
a second. 

Effects of viild g forces. It is possible to demonstrate the effects 
of moderate g forces on human reactions long before any severe effects 
arc produced. One recent study measured the ability of 34 rated 
military pilots in reading aircraft-instrument dials under the influence 
of -f-1^/2 and 4-3(7. They made significantly more errors under the 
latter condition. As in anoxia, therefore, tlicrc ai)pears to be a grad- 
ual reduction in human performance imdor the influence of increasing 
g forces until cojnpletc incajmeily is finally produced. 

Well, there is no reason to hammer the point home any further. Tn 
certain kinds of nian-inachinc systems, speed ur eluiuges of speed of 
tlic work eiiviromm'nt liave to be (tonsidored by the designer and ex- 
perimenter. The dimmii^g and loss of vision, the loss of consciousness, 
and the greatly }neroase<I difiicnity {)f making movonjonts with ihc 
hands and feet all raise serious problems in ihe design of rapidly mov- 
ing systems. 
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Motion Sicknkss 

ForUinutcly, t\w inovcmrnis of our vehicles are not always (luite so 
extreioe as Lliosc we have been discussing so ftu\ But, even if wo arc 
coneorncfl witli less rapid means of locomotion than aircraft, we very 
freipieuUy cncounlcr situations Unit affect, men (juite markedly. These 
are grouped under the gciiend title of “Motion vSicknessd' 

Kinds, Motion sic'kness includes a lot of different kinds of sickness, 
do])cnding on the vehicle in which tlic j)crson is riding. Tlierc is air- 
sickness, seasickness, train sickness, ear sickness, siekiu'ss on amuse- 
ment park devices, sitdcncss in parachute descents, and even sickness 
from riding animals — os]K'cially camels. All these typos of sickness 
have pretty much the same general kind of symptoms. The victim 
cxf)cric]iccs nausea, pallor, sweating, and vomithig, and all these ex- 
periences arc i^roiUiced by the same kind of stimulus — motion. 

Carnes. Several recent investigations have been coneei’uod with 
clarifying and understanding the dynamics of motion sickness. In one 
of these experijnenls,^ a vertical accelerator was use<l in whi(di it was 
possible to coiilrol iiio wave form, acceleration, velocity, and ampli- 
tude of moveiuent. As a residt of experiments witli this ga^lget, wo 
know now ilint slow ostdllation.s of large a?n|ditiide are more produc- 
tive of sickness tlian faster waves of smaller amplitude. Thus, in one 
study 87 i)ercent of tbe s\il)jecl.s becanu; sick wlum they w(M’o slinui- 
laied with a wave frequency of 13 cycles per minute and an amplitude 
of 9 feet. But only 7 percent became sick witli a wave frecjuency of 
32 cycles per minuto and an amplitude of I foot. It is also known 
that there is more to motion sickness than just motion. A mimb(‘r of 
psychological and physiological Inctors alsc) coutnhufe.^^’ Fear, in- 
security, inability to relax, and lack of confidence in the vehicle, for 
0XHm]')l0; are some of the psychological factors which contribute enor- 
mously to motion sickness, Among the physiological factors arc such 
things as temperature, ventilation, odors, fuligue, overiiuhilgoncc in 
drinking, smoking, and <ligestivo disturbances. 

Consequences. Fortunately most i^'oplc got used to motion of tins 
sort lifter u number of exposures to it — they ac(diinatis50, Tiiey do not 
get sick so often as they do when they arc first exposed to the motion. 
Kven so, as far as work is concerned, there can In; no doubt tliat tlic 
eflicioncy of a man on a pitching, bucking, umlulatiiig, and rolling 
ship is not as good us the efliciency of the sumo man in a good steaily 
environment, "j'liis factor is certainly one that has to be taken into 
consicloration in tlie design and study of man-mucliine systems. 



Vibraimii /fi3 

Vibration 

There ia still another kind of motion that needs to be eonsidered, 
and that is the kind of motion usually called viliration. Vibration is 
a very liigh-freciuency movement which may I’an^e anywhere from 20 
to 140 cycles per soermd. ft is also characlorized by )>aving a ratljcr 
low amplitude. 

Effects of vibration on the bochj. Not very much experimental work 
has been flonc on the effect of viljration on human cdicieney. There 
is, liowever, one fairly extensive analysts of t))is problem made by a 
German scientist working at the Institut fiir Luftfahrtmedizin in Ber- 
lin. He had a specially built oscillating platform which was capable 
of vibrating through a frequency range of 15 to 1,000 cycles per sec- 
ond. His experimental room was damped acoustically so that noise 
would not affect the subjects. He gave all bis subjects a series of 
tests before, during, and after a 2- hour exposure to vibrations (^f vari- 
ous known amplitudes and frequencios. 

One of the most interesting findings of Ins 2 *esoareh was that vibra- 
tion greatly afl'ccted binocular visual acuity, Tlie people could not 
sec so well when they were being subjected to vibration. Two kinds 
of vibration were especially bad. One was at frequencies between 25 
and 40 cy{de.s per second, and the otJier between 00 aiid 90 eyedes per 
secontl. Although it is not known exactly why iliesc frequencies aficct 
visual acuity in this way, some tlicories liavc been advanced to ac-» 
count for these findings. One is that the decreased visual acuity is 
due to the attempt on tlic part of the eyes to follow the movements of 
the vibrating instrument. Another possibility is that the eyeball may 
be set into resonance with the vibration as a result of the elasticity 
of the supporting muscles around the eyeball. Another interesting 
finding of this study on vibration was tliat certain reflex actions in 
the body were diminished and at certain frequencies and amplitudes 
were completely suppressed during vibration. 

Although the effects of vibration on the body are still incompletely 
understood, these findings indicate that subjective complaints of 
tremor of the eyeball, clianges in the muscle balance and depth per- 
ception, chronic headaches, and visual fatigue may all liave their 
basis in fact. Those of us who have tried to read for any period of 
time on a jerky bouncing train will be able to confirm from our own 
exporienee the effects of vibration. 

Other effects of vibration. So far we have considered the effects of 
vibration when the body is being viliratcd. But there arc other situa- 
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tions in whicli ihe inarhino may he vibrating and the operator not. 
What abiHit eHleieney in this siUiaiion? Here again wo have tmly a 
few o.vperiinenia) data, I>ut we do know that visual may )>efaano 
very ({ifTumlt wlien Uio (>l>jeet being looked at is vibniling. l{eoent 
Ki\ulies‘‘ sliow that h'gibilii.y of niinierals nuiy bo seriously impaired 
if they are vibratirrg. Hhidi(^« Hoein to jndieate that high /re- 

queue i os arc worse Mum low fro(juenoics, high iiiupliiudes worse lhan 
low nnipliludes, and rotary vibnili(ni worse tliaii linear vil)i’aliuH. 'L'lio 
vibration fmiueneies in these studies varietl from 8 to 30,5 per second, 
and the amplitudes from 0.0070 to O.M inch. 

NOTSIS 

One rhara(‘terisii(! of our wcu'king ('nvironmoiit that doscM’vca consid- 
erable attention is the prol)l('ni of noise. One unl'ori.uimte aspect of 
our eivilij^athai is that, the ?uore complex it gets, the noisier it gets. 
The problem of noise has uttraetial the attention of specialists in many 
Ijnjfessional Helds. Physicians, jmblic health authorities, architects, 
psycholcjgists, otcjldgists, physicists, sound arid eloetrical engineci’i? 
have all contribuied to the literal, ure iti Ibis Ueld. Safety engineers 
and insunuice companies arc also interested in the problem because 
of (he growing recognition of occupational deafness. Many large cities 
have undertaken extensive Jioise reduction canjpaigjis, aJid in ouv geO' 
oral consideration of Ihe work envinnnnent we certainly ought to know 
whether or not noise reduces hum an efficiency, because we Hi id so iiundi 
noise in modern industry. 

Factfi? Because of all this interest in Uio general problem of noise, 
we would expect to find a A'ory large body of respectable scientific evi- 
dence pointing to the effects of noise on hmiian beiiig.s. Strange as it 
may seem, however, there is no large group of accredited scientific 
facts in this field.^’ Tn part, this situation may be due to the confusion 
in the ordinary niiml l)ctwecii the annoyance value of noise and the 
actual effects of noise as in ensured in terms of Inmian efiiciency. "riiis 
distinction is very often overlooked. We know very little about what 
makes a noise irritating. We do know that the irritation jiroduced i)y 
noise is not npces.sari]y related to its loiaJnc.s.s. T)ie faint drip]:>ing of 
a kitchen faucet or the scraping of a fingernail along a blacklioartl 
may make a man’s hair stand on ond, and yet this same man may ride 
in a llumdcTing nirphme without the sliglitost inconvenionce, even 
though the airplane may generate a hundred thousand times us much 
noise as the faucet or fingernail. This psychological effect of noise 
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has been aptly siinimarizofl by the statomont, “It ain’t exactly what he 
hears; it^s the nasty way he hears it I'* 

Annoying yioises. Only one thing can be said with definite assnrance 
regarding tlie relative annoyance value of different kinds of noises, 
and that is that high tones and extremely low tones are judged almost 
universally to be more irritating than those in the middle ranges. This 
general principle has been of considerable value in soundproofing air- 
ci’aft, offices, and other work spaces. It lias I icon found, for example, 
that the elimination of the very high frequencies in aircraft noise 
greatly reduces the annoyance value of the iK>i.sc to the passengers in 
the aircrafl., even though the overall intensity of the noise may be 
only slightly reduced. Another thing we know is that interrupted 
noise or discontinuous tones are most generally found to be iiiucli more 
annoying than steady noises. There seems to l)e some fairly clear-cut 
evidence, furthermore, that greater damage to the inner car results in 
animals subjected to high intensities when the tones arc interr\i[)tcd. 

There is also a large miscellaneous list of factors tliat probably in- 
fluence the annoyance of noise. None of these, however, has l)een 
subjected to systematic investigation. Among those factors are the 
unexpectedness of the noise, the amount of reverb ci'ation, and the 
degree to which the noise is unnecessary or indicates malfunctioning 
of the equipment. It should be clear, therefore, that we need t(j know 
a lot more about this general subject. Another thing that nce<ls to be 
systematically investigated is the general problem of tlie individual 
differences in noise tolerance; and we need to know, finally, what the 
limits of noise tolerance are for an average population. 

Noise and deafness. If we look at those studies that have iiUTsti- 
gated the influence of noise on iuiman efficiency* \vc find again that 
there is very little known about this problem. A few things, however, 
can he said udtli certainty. One of these is that noise greatly increases 
the diffic\dty of verbal or oral communication. This general lu'oblein 
of voice communication by radio or teleplionc in noisy environments 
lias been ti’eaied systematically in another chapter, so that we shall 
not dwell on it here. Another fact which has been very definitely 
established is that exposure to extremely noisy enviromnents greatly 
reduces the sensitivity of the ear. Although the results of all of the 
studies on this prolilem agree in showing that the hearing loss is tem- 
porary, it may extend over several ilays and is certainly a factor to 
be reckoned with in systems that contain a lot of noise. The degree 
of the temporary deafness may also be extremely imjircssive. In one 
series of investigations at the Psycho-Acoustic Laboratory at Harvard 
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TJii 5 v 02 \sity, il was dis(?overed that tho Inss of l)rann/^' jiiny ;n)ioiint to 
about 80 db with certain froqiirnoies. Translated into terms of enorgjq 
thivS means that tiie vietiin needs i\ iuindred million times tlic normal 
amount of energy to hear, following his exposure to tlie noisy (itiviron- 
ment.. It is also important to point out, however, that, during 5 yetirs 
of mcarHi al the l^^yelm-Aeoustio bu)>orniory, all kinds of noi>se were 
used to ])ro(lucG an almost endless diversity of temporary impairment, 
and not one ease turned out to bo permanently hard of hearing. 

The amount i>f temporary deafness that n^sulls from cx]>osiirc to 
noises of various freqiuineies and intensities was worked out by a 
grnu]} (tf (3xperimcniers fliiring tlu3 war. n'hey found tliat temporary 
deafness is almost always for Uuies higlier in fretjueney than the tone 
to which the victim was exposed. They also found that higher tones 
were a lot worse in producing torn por ary deafness than were low tones 
of the same intensity. And, as we might expect, long exposures were 
worse U)au short cxjmsnrGs, altliough the rolationshij) was not ))r()])()r“ 
tional — 'that is, a 10-ininute expnsiiri' was not twice as bad as a 5- 
minute ex|)osure. Oii the basis of their exiau’imcnt.s, I hey have? uvjrked 
up tables of “equinnxious noises.^' Those tables tell us what comblna- 
tiona of tones, intensities, and <lurations will produce temporary deaf- 
ness which lasts less than 2-1 lamrs, about 2*1 hours, and more (bai^ 2d 
hours. 

Noise a?id cDiciannj, If wo turn to Uu) general group of soie?d,ifio 
hUkUch concerned with tlio effect of noise on ntli(;r asix^tds of human 
efficiency, wc find a large mass of contradictory data. It is very dilTi- 
cult to interpret the results of those exjierimeni.s that havt* l>een cur- 
ried out in industrial concerns, because there are so many factors other 
than tlio m)iso llmt may aileot ]>erformanoo. For one tlnng, it is diffl- 
cult to control the factor of suggestion in these field studi(3s. Workers 
may believe that, since the work cnvinaiment lias now beeJi made 
(liiiclor, they <mght to be able to work faster, an<l so they do. This 
may or may not indicate any genuine effect of a noisy environment 
on perfonminco. 

Probably tluj most exhaustive study on the effects of noise waK5 
conducted by Stevens and his collaborators early in tlie war at the 
l^sycho-Acoustic Jaiboratory. S\ibjccls were ox])osod day afttu* day 
for as long as 8 hours al a time to extremely liigh intensities of air- 
])huic noise. They were given nearly 100 tests of inl-elligeneo and 
psyclioinoior efTicioncy, No significant effects could be deteotod in any 
of tlic test results, des()ite the fact that people subjected to this barrage 
of noise claimed that they did not like it, felt fatigued l)y it, and 
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^Ycrc less tnlonini of their friends at the eiifl of the day. Other less 
exlmustive studies ])erfonned in military estahlishinonts have given 
essentially the same results. 

Research still needal. The fiimj answer f)n tJii.s, however, lias not 
been given. There is still some important resourch to he rlonc. We 
need new methods to study the relation between noise and jienple. 
The studies to date iuive revc'aled notliiug of signiliraiire; yot most 
])Cople are (piite einplnUie almut their dislike of noise. It is prolmhle 
that this dislike in realistic situations has an cITeet on human per- 
formance if we could mca.su rc it. One subject in Stevens^ experiment, 
for example, reporU'd that after hearing and feeling his daily dose of 
noise he felt much more inclined to beat his svife. The experiment, 
however, did not measure such tendencies. 

Even ihougli these studies have shown no overall quantitative effect 
of noise on luiiimn performance, there is considerable evidence to imli- 
cate that sul)Jo(*ts rcf|nire more energy to perform the suinc kiml of 
U'ork in a noisy environment than in a quiet one. A iiumber of studies 
have shown quite consistently that the basal inetahulisni of subjects 
working in a noisy environment is higher than those working in a 
c[iiict one. Since the basal inelabolism measures the overall work out- 
put of tlie body in terms of the amount of oxygen consumed, this seems 
to indicate that subjects in a noisy environment perform aliout ecjually 
well Init require more energy to do the same amount of work. This 
may account for the numerous reports of fatigue from workers in 
noisy environments. 


LIGHT AND COLOR 

Another aspect of the work environment wo need to touch on is 
tliafc of light and color. The basic i*elationsliips between visiml acuity 
and illumination, brightness contrast of objects, time of exiiosiire, and 
glare have all lieen so thoroughly explored that iliere is a special 
branch of engineering to handle the i)ractical applications of tliesc 
data. This is the branch of engineering known as ^illuminating engi- 
neering.^^ The data in this held are so extensive that it is possible to 
look into I’cferenee handbooks"^ and find the solution to many prac- 
tieal i)roblcins. Some of these basic relationships have already been 
flisciisscd in Chapter 4. At tins time we should like to summarize tiie 
lighting recommendations that are now genci'ally accepted. 

Lighting to suit the job. In most ])ractical work environments, the 
jol) is a constant, and the problem is to find the kind of lighting that 
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will permit the job to be done ofTootively. This is oiisy si nee the 
Ilhiininiit'iu^ 10nf>;ineorin^ Soeieiy has jnsti issued un IMS hand- 

bo(»k wliich reeonuneiided levels of illuminations for si‘v<‘rul ium- 
dred kinds of jobs. This luindbocjk, inridentally, is an (‘Xl.iTinely 
Viilualjle ixdVrcnua* beeauso it contains all sorls of useful infonnation 
ul)(iut lij^lit nieasnrenieiits, lif^hting installations, wirin/j; diagrams^ 
lighting fixtures, and oiber things that the illuminating ('ngineer needs 
to know. 

liecaiise of the great diversity of jobs men do with tiu'ir eyes, it is 
difficult to estatdislj a sing^Je set of j ' econnn end a tions to c'over all situ- 
ations , In addition, the (‘odi's are suhjoet to revision, and there is some 
recent evhlenee (hat our ju’esent standanis are a little higli in some 
instances. The following is a rough guide cnmiK)uiid(‘d from the best 
available evidence: 

One to 5 foot-candles are snOicneni. for seeing large objects and for 
iilumhmting iiullways and stairs. 

Five to 10 fool-(‘andle.s ui'e needed for visual work Uia(- is casual 
and more or less intcrrnptcd. This illuniinatjon is satisfactory lor re- 
ception rooms, washrooms, warelmuses, and storerooms. 

Ton to 15 foot-candles are m‘ecl(‘d for visual tusks (aanparahle to 
those of reading large-sized print (10 or 11 point) on jiaper of go()<l 
quality. 

fifteen to 20 foot-candles should ho used when* handwriting and 
modcraLely fine detail must he discriminated, ''This is satisfactory hu' 
gciKU'al office work, mail rooms, and file rooms. 

Thirty to 40 foot-candles are reciuired for difficult tasks comparable 
to the reading of O-jnnnt lyj)e for kmg jieriods of time. 

Forty to 50 foot-candles are needed for severe visual tasks, for ex- 
ample, drafting, which ref|uire ihe reading of iine scales over h)ng 
periods of time. 

Fifty to 100 — and sometimes even move — foot-{‘/indles are jioeded 
for very severe visual tasks where the brightness contrasts are very 
l(^w, for example, stitching on black cloth, manufacturing black shoes, 
and so on. 

The job to suit the ligkthuj. There arc some work sit\iationH where 
the lighting cannot be manipulated at will to obtain nuiximum visi- 
l)ility. Dials used in aircraft are a case in iioint, [f llie illumination 
inside an aircraft is increased loo much the pilot may he l)Undcd and 
unable to see out of Ins cabin at night. Here tlie ligiiting is fixed, and 
the job must ho made to suit the lighting. If we have only foot- 
candle of light in a certain work si>ace and can use no more, the dials 
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and symbols that must be read have to be twiec as Uir^e as those in 
anotlier I'oom with 10 foot-candles of illumination, Otiicr factors such 
as brightness contrast, the degree of blackness or lightness of various 
kinds of visual symbols, and their color must also be considercfl in 
the design of visual dis[)lays in these types of systems. 

Color, However, we shall liavc to leave tilts interesting group of 
prohloms and conclude tliis chapter with a discussion of one more 
facto]’ in tlic environment which has recently gained a lot of attention. 
Coining to the fore is the question of the color dynamics of the work 
environment. Does the use of color schemes for walls and machinery 
have anyl.hing to do with the efficiency of work? The Pittshiirgli Plate 
Glass Company, which manufactures paints as well as glass, thinks so. 
Tliey have i>ut out a brochure reporting cases in wliicli workers’ com- 
fort, morale, and production have been increased by painting walls in 
various pastel shades. It is hard to tell wbetber these cases mean 
what they seem to mean, because finding out wliether this fad or causes 
a jump in iirodiiction is a difficult problem. But tliere is now a groat 
deal of interest in it, and we may cx])ect current and future research 
to give us some sort of an answer to it. 

Contrast, One general consiflcration, related in a distant sort of 
way to iliis problem of color dynamics, is tliat of painting certain parts 
of machinery in lighter or darker colors so that they are more ea.sily 
distinguisliecl in the work environment. There seems to be no (iue.stioii 
that this factor docs increase the efficiency of people operating ma- 
chinery. This general iirinciple docs not seem to have been made 
use of as much as it should in complex systems such as radar rooms 
and aircraft, for example. The basic idea is simple. If the general 
background of the aircraft cockpit is painted a fairly dull color, ilie 
pilot’s jol) can be made simpler if his important controls cuiiti’ust with 
it markedly in color or in lightness. The same principle can be iise{l 
in the design of radar; for example, if the background for the radar 
consoles is painted a dull color, then the important switches should 
be painted bright light colors to make them stand out so that they 
can be easily located and reached liy tlie radar operator. In industry, 
main switches, fuse boxes, and important parts of inacliiiiery can be 
made to stand out in the same way. 

CONCmSTON 

So much then for a general consideration of tlic work enviromnont. 
IVc luivc by 110 incams exhausted this subject, but we have selected 
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some typical nialorial for discussion. To review brieily, in Uiis clm])t.er 
vve Imve tried to advance tl»o f!;eiieral thesis Unit machines do JU)t w^a'k 
alone. Tluiy work in environment. And so dn the men who oi)erale 
them. VVe are forced to recognize that a gn^at mnnher of environ- 
mental factors in the work si)uce ufl'cTt the performance and ellicicncy 
of the man there. t)ur liummi retjuirements and our expeid.ations of 
what a man can do in a system depeml to a groat extent on Uic kind 
of environment into winch the system is tlirown. If ttic' tetnperalurc 
is excessively hot, if the environment is humid, if it vil)raLcs ex- 
cessively, if there is a lot of noise, and if Iho illumination is low, \vc 
canJiot cx))ect as jmiHj work or iis eJIiciont work froj)! the man. Cim- 
vcrsoly, those various kinds of evidence give us some clues as to how 
wc can inei’case th(> e/flcicjnc^^ of mem 0(K»r«aling machines. Too little 
attention has been given to this pnhU'm in llio past, and it seems 
almost certain that a considerable amount of improvement can be 
made by altering many (diaructcristicfs of the envtroumeidi in which 
men work. 
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Prill niry mo vein cut, 280 
Prolmbility, siiitisliciil, 31-30 
P.svcJioingist, clinical, 6 
oilucniional, G 
cxpcrinK'nial, 6-7 
kinds of, 6-7 
personnel, 6 
social, 0 

P5.yc))onjoJ.or work, a nil Inns of slee}), 
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(ionnition of, 3(19 
elYect of fiiiigue on, 370, 373-377 
Psychophysics, applied, 2 
of somui, 307-108 
Psycliotcclniology, 2 
Purkinio phenomenon, 79-80, 82 
Pm 'snit meter, airplane, 251 

Quality control work, 43-44 
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Radar displays, 90-92, 100-107, 111, 
114-115, 134-137, 161, 164-1G6 
Radar systems, errors in, 40-41, 43, <10- 
48, 52-54, 57-59 
Radar Iraiiking, 37<l 
Radiant energy, 67-70 
Radio, 223 
Radio range, 243-260 
factors utTeeting nso of, 245-260 
Rmigo, statistim! of, 24, 44 

Rate of movonient, control sticks, 283 
friction and load, 283 
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Hating mclhuds, di'sign (n systems, 360 
pal lorn of cojitrols, 367 
Ratlins, control, 323-328 
Rt^ach, maximum, 362 
normal, 363 

IR'action time, 280, 409 
effects of fatigtH» on, 375-376 
for (lilTerent g('ar vatijos, 324 
Reading, 109-111 
Realism, in conh'ols, 303 "308 
in displays, 161 
Receiver gain, 223 
RectiOciition, see Dislorlioji 
Red goggles, 274-275 
for (tark inlapfation, 82-83 
RidVnmco tone, 207 

Ridationship, staiislical iiioasure of, 
28-32. 30-37 
R('lalive size, 310 
R('p<‘titive movements, 283 
cranking, 2fS6 
tapping. 2S4 
Ri’st piM'iodH, 381-384 
anil wink, 391-395 
scheduled, 383 
voluntary, 383 
Ri'tiim, 78, 90 

Rods and cones, visual, 77- 83 
R, udder, c<jnf.rol forces, 317-322 
height of bar, 321 
miniinum fontixs for, 310 
movements and coJitrols, 302-303 

Haccudic eye movement, 110 
effeiit of fatigue on, 377 
Sample, statistical, 33 
Sampling statistics, 14-15, 32-38 
Slides, 64-55, 137-149 
numbers for. 102-170 
vc'mus tables and graphs, 180-185 
Science, 9-11 
applied, 10-11 
fnndamenlal, 0 
scientific laws, 9-10 
Secondary move men 1., 280 
Sensation level, 105 
Sentimees, use in listi'ning tests, 219 
Set for work, 384 
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Slmpo coding of controls, 311 
Shapes, of dials, 129-133 
of Jenobs, 312 
Shift work, 388-380 
Sigma, see Standard dcvial.ion 
Signal- to-noisc ratio, 245-246 
Signaling systems, visual, 80-81 
Simo cinirt, 348 
SimuUanooiis motion, 347 
Sitting Versus standing, 334 
Size, and visibility, 84-86 
of controls, 326 
of hanilwlieel, 294 
Size coding of controls, 309 
Size disorinii nation, 309 
Skewed distributions, 19-20 
Skewness, measure of, 24 
Sleep, 389-390 
loss of, 389 
Sono, 202 
Sound, 189-197 
definition of, 189-192 
meaning of, 200-207 
ineasuremont of, 192-197 
psychological aspects of, 192, 107-211 
psychophysics of, 197 
speed of, 190 
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Sound frequency, audible limits of, 197 
characteristics, of masking noise, 228- 
231 

of radio range, 240-248 
of speech, 224-22,5 
definition of, 190-191 
difference threshold, 209-210 
distortion, 225-228 
moasureiiieiit of, 190-101, 195-197 
Sound intensity, definition of, 189-191 
difft'rencc threshohl, 207-209, 244- 
240, 252-253, 2G0 
effect, on loudness, 198-202 
on radio range, 245-246 
on speech inloJfigilu'lity, 220-224 
ineasuremont of, 192-195 
relation to frequency distortion, 227- 
228 

Sound-powered telephones, 213 
Sound-pressure level (SPL), 194 
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Spectrum, radiant energy, 68-70 
Spectrum analysis, 19G 
Speech, 212-241 

as communication, 212 
frequency charactcrislics of, 224-228 
systonis of transmitting, 212-214 
visible speech, 214-217 
Speech intelligibility, factors affecling, 
distortion, 225-228, 232-238 
frocpu'ncy (‘haracleristic.s, of noise, 
228-232 

of speech, 224-228 
intensity, 220-224 
mcasuronient of, 217-220 
Speech sounds, 238 
Spoech-to-noise ratio, 222-224 
Speed, effects of on the body, 408-409 
of tapping, effect of fJUigu^^ on, 376 
Spondees, 219 

Standard df'viatiou, 26-28, 44-45, 59-51 
HI an (lard error, 33-36 
Slartiiig time for different gear ratios, 
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Statistical inference, 32-37 
Statistics and hearing, 210 
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Systems, arrang(*meiit of, 361 
design of, 358-363 
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185 

Tachometer dials, 138 
Tapping, 284-285 
Target speed, average error, 291 
handwheel tracking, 291 
waveleuglli of movement, 290 



m 

'I'awlvs, of, 

pilots', 350 

35*1 

^I'('lonin, 150 
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diffenMUto threshold, for frt'qm'nfy, 
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Toleranee of eonirol settings, 320 
Tonal signaling systems, 2*12-203 
advantages oi\ 2*13 
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Tremor, 208 

Type, legil)ility of, 170-180 
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Vibration, olTeetH of, 413-'n4 
ViMbifity, problems of, 70 93 
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Visual-positioning inovenumts, 278 
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Wiirming up, 379 
Warning lights, 185-187 
Wav(4(*ngt.h, handwhec'l trmdcing, 288 
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Wlieel, control forces for, 817-318 
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Whipple stoudinoss tester, 207 
Wliitc light, dennition of, 73 
White noise, 107 
Wtn*k, arrangonumt of, 381-364 
curve, 379-380, 380-387 
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distribution of, 347"35i 
elcmonis of cycle, 344 
hours of, 385-380 
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tihysical versus mental, 403 
priiieiplrs of, 333-^134 
working f irons, 330-343 
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normal, 340 
vortical, 342 
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